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ABSTRACT 
Animal Enclosure Air-conditioning System using Radiant Cooling 
by  
Salah Ahmed Abdalla Ahmed  
Doctor of Philosophy in Engineering  
University of Khartoum  
Associate Professor Kamal Nasreldin Abdalla Hamad, Chair 
Destruction of the ozone layer of the atmosphere and the problem of global 
warming due to refrigerants used by vapour compression HVAC systems 
accompanied by the general need to reduce the primary energy consumption, 
suggests giving attention to improving HVAC systems efficiency through 
the promotion of more efficient cooling technologies. 
Desiccants can be used to remove moisture from supply air and respectively 
latent load from the space instead of compressor driven systems by taking 
advantage of a continuous and regenerative process. This makes it possible 
to control the indoor air humidity without using refrigerants harmful to the 
ozone layer. Radiant air-conditioning system using solar-driven liquid 
desiccant evaporative water cooler, one such alternative, is the subject of this 
thesis. 
The cooling effect of a solar-driven liquid desiccant evaporative cooling 
system is based on the adiabatic cooling principle. Moisture in the air is 
absorbed by a liquid desiccant which is regenerated with solar thermal heat. 
Part of the dry air is used for ventilation purposes while the remaining part is 
used to provide chilled water adiabatically. 
This research carried extensive literature review on solar-driven liquid 
desiccant cooling systems to identify their advantages and disadvantages. In 
response to the findings, a radiant air-conditioning system using solar-driven 
liquid desiccant evaporative water cooler was designed, constructed and 
simulated. 
To predict the whole system performance, the physical processes of heat and 
mass transfer were modelled using a computer modelling software 
developed by the author to specifically simulate radiant air-conditioning 
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systems using solar-driven liquid-desiccant evaporative cooling. Simulations 
showed that radiant air-conditioning system using solar-operated liquid 
desiccant evaporative water cooler can effectively cool and dehumidify 
moist air to the desired leaving state. 
Results showed that a 30% by weight aqueous LiCl solar-operated liquid 
desiccant evaporative cooling system can effectively cool and dehumidify 
2.01 kg/sec outdoor air at 460C dry-bulb temperature and 23.40C wet-bulb 
temperature (Khartoum climatic conditions) to 260C dry-bulb temperature 
and 6.3 g/kg moisture content using 0.47 kg/sec aqueous lithium chloride 
LiCl solution. The new system has a great potential for use in hot and humid 
climate regions.  
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Nomenclature 
English letter symbols: 
Ac area of the collector 
Av Water droplets surface area per unit contact volume m2/m3 
a 24-24 air-to-air cross CTF coefficient matrix 
b 24-24 air-to-air cross CTF coefficient matrix 
bn Air-to-air cross CTF coefficient, W/(m2.K) 
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C Material properties, and/or film coefficients coefficient matrix  
C Thermal capacitance, kJ/0C 
cn Air-to-air interior CTF coefficient, W/(m2.K) 
cp Specific heat, kJ/(kg.K) 
Cp, c Specific heat capacity of fluid through collector kJ/(kg.K) 
cp,s specific heat capacity of fluid through heat exchanger and storage 
kJ/(kg.K) 
CT Total thermal capacitance, kJ/(m2. 0C) 
d 24-24 air-to-air flux CTF coefficient matrix 
dn Air-to-air flux CTF coefficient, W/(m2.K) 
Fr heat removal factor 
E CTF solution error 
f Decrement factor, dimensionless 
fc Convective fraction of conduction heat gain 
fr Radiant fraction of conduction heat gain 
F1 Circumsolar brightening coefficient. 
F2 Horizon brightening coefficient. 
Fg Long wave radiant ground view factor 
Fsky Long wave radiant sky view factor 
H Hour angle. 
Ha solar radiation absorbed by collector 
h Enthalpy of moist air KJ/Kg 
hc Convection heat transfer coefficient, kW/m2. 0C 
hD Mass transfer coefficient kg/sec.m2.(kgw/kga) 
hf Specific enthalpy of saturated liquid kJ/kg 
hg Specific enthalpy of saturated vapor kJ/kg 
ho Outer surface Long-wave radiation convection heat transfer 
coefficient, kW/m2 
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hs,w Enthalpy of saturated moist air kJ/kg evaluated at Tw, kJ/kg 
I Extraterrestrial irradiance. 
Icirc The irradiance on a surface from circumsolar region. 
Idome The irradiance on a surface from sky dome. 
Ihoriz The irradiance on a surface from sky horizon. 
Ih The horizontal solar irradiance. 
Io Direct normal solar irradiance. 
k Thermal conductivity, W/(m.0C) 
L Material layer thickness, m or in 
m Relative optical mass. 
?  Mass flow rate of air, kg/s 
? a Mass flow-rate of dry air kg/sec 
? abs Mass flow-rate of liquid absorbent kg/sec 
mc Mass flow rate of fluid through collector kg/sec 
ms mass flow rate of fluid through heat exchanger and storage kg/sec 
? w Mass flow-rate of water kg/sec 
N Number of flux CTF terms 
Nnode Number of state-space nodes 
Nx Number of exterior CTF terms 
Ny Number of cross CTF terms 
Nz Number of interior CTF terms 
P 24-24 periodic response factor (PRF) matrix 
Pa Heat transfer surface per unit of chamber length. 
Pw Mass transfer surface per unit of chamber length. 
Pi Periodic response factors, W/(m2.K) 
q Heat gains, W 
q” Heat flux, W/m2 
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q”a,sol The external short wave length radiation. 
q”conv The convective flux exchange with outside air 
q”e Air-to-air conduction heat flux, W/m2 
q”ki Conduction heat flux at interior surface, W/m2  
q”ko Conduction heat flux at exterior surface, W/m2  
q”LWR Net long wavelength radiation flux exchange with air and the 
surroundings 
Q Cooling/heating load, W 
R Thermal resistance, (m2. 0C)/W 
S Surface tilt. 
Sfloor Solar fraction of floor 
Sie Thermal structure factor, dimensionless 
t Time, sec 
T Temperature, 0C 
Ta ambient temperature, 0C 
Te Sol-air temperature, 0C 
Tfi inlet fluid temperature, 0C 
Tfo temperature of fluid at the collector outlet, 0C 
Tgr Ground surface temperature, 0C 
Tsi  Entering temperature of the heat exchanger storage fluid, 0C 
Tsky Sky temperature, 0C 
Tso  Leaving temperature of the heat exchanger storage fluid, 0C 
U Overall heat transfer coefficient, W/(m2.K) 
UL overall heat loss coefficient 
Uf Air-to-air overall heat transfer coefficient, W/(m2.K) 
?  Volumetric flow rate, m3/s 
W Humidity ratio of moist air, kg/kg 
We Humidity ratio of moist air in equilibrium with sorbent, kg/kg 
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Ws,w Humidity ratio of saturated moist air, kg/kg 
x Moisture content of liquid sorbent, kgw/kgabs 
Xn Surface-to-surface exterior CTF coefficient, W/(m2.K) 
Yn Surface-to-surface cross CTF coefficient, W/(m2.K) 
'y  dimensionless length, y/L 
Z Solar zenith angle. 
Zn Surface-to-surface interior CTF coefficient, W/(m2.K) 
? T Temperature difference, 0C 
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Greek Letter Symbols: 
a  Thermal diffusivity, m2/sec. 
ß  Solar Latitude. 
a i The incident angle of the sun on the surface.  
a s Surface Solar Radiation Absorptance. 
?  The brightness factor. 
e  Sky clearness factor or Hemispherical emittance of surface 
d  Declination. 
d c   control function  
d t Time step in hours. 
?  Current hour 
f  Time lag, hour. 
f n Surface-to-surface flux CTF coefficient 
?  Surface Azimuth. 
?  Material density, kg/m3 
? floor Floor surface short wave reflectance 
s  Stefan-Boltzmann constant, 5.67E-8 W/(m2-K4) 
t t Window diffuse transmittance 
?  Frequency of the sinusoidal temperature function 
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CHAPTER ONE 
1 INTRODUCTION 
ͳ.ͳ Preamble 
Keeping cool in hot climates has long been a human preoccupation. For 
thousands of years, people have used a variety of architectural techniques 
(thermal mass, shading, strategically-placed vents, atria, etc.) to adapt 
dwelling design and cultural practice to local climate conditions. After the 
industrial revolution, many of these techniques were adapted to the new 
requirements of large buildings. 
In 1902, while searching for a method to control humidity in a printing plant, 
Carrier invented the refrigerative chiller. Within a few years, the world had 
access to a device that could cool any sealed building, regardless of how 
much heat it gained and trapped. However, the mechanical cooling of 
buildings did not become widespread until after World War II. 
By the 1950s, the reliability of air-conditioning, the adoption of fluorescent 
lights and of solar control glazing, and the steadily falling price of electricity, 
allowed architects to abandon the ancient techniques of climate-responsive 
design, and to focus on the artistic side of design instead. 
In the 1950s air-conditioning played a significant role as stimulus to 
commercial and residential growth. Since then, it has evolved from a region-
specific solution to a perceived necessity virtually worldwide. 
One of the consequences of today’s intensive use of air-conditioning is that 
building professionals have lost much of their ability to design climate-
responsive buildings. The compartmentalization of the building profession, 
and the divergent interests of the different parties involved in the building 
process, make modern buildings more expensive to build, and considerably 
more expensive to cool and ventilate than need be. In addition, surveys 
reveal that occupant exposure to air-conditioned indoor environments 
sometimes leads to adverse health conditions [1-5]. Trying to address these 
problems, innovative designers have begun to recognize the importance of 
restoring some natural variability into buildings, thereby making interior 
spaces healthier, more pleasant, and often more energy efficient. 
Another consequence of the widespread use of air-conditioning is that its 
electricity demand due to space cooling is high and seasonal; most air-
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conditioning systems operate by the principle of forced air (using fans to 
transport high volumes of cooled air to work areas to remove the loads and 
maintain comfort). The fans used to transport cool air through the air-
conditioning distribution systems draw a significant amount of electrical 
energy [6-8] par of which heats the conditioned air itself and becomes part of 
the internal thermal cooling peak load. This electricity demand forces 
utilities to invest in power generation equipment that is only used on the 
hottest days of the year. The cost of this inefficient capacity is then passed on 
to all utility ratepayers, whether they own an air-conditioning system or not. 
In addition, the costs of increased emissions from electricity production, 
environmental costs of chlorofluorocarbon (CFC) use in air-conditioners, are 
borne globally. A last consequence is that increased use of air-conditioning 
will multiply local and global environmental problems. 
In addition, draft-free cooling increasingly becomes difficult as high 
volumes of air that may exceed the ventilation requirement (draft and/or 
indoor air quality problems and large temperature difference between 
supplied air and room air) have to be re-circulated through the system.  
One step towards resolving this complex set of interlocking problems could 
be done by reformulating the “expected norm” to encourage climate-
responsive design or dedicating much attention towards incorporating energy 
efficient technologies in building design. Because adoption of climate-
responsive design may take some time and it may not address all the 
problems associated with the operation of numerous energy-intensive 
buildings already in use, much attention must be dedicated towards 
incorporating energy efficient technologies beneficial for new construction 
and retrofit projects. 
Incorporating energy efficient technologies in building design, although not 
influencing the expected norm directly, addresses energy and environmental 
problems to some extent and are beneficial for new construction and retrofit 
projects. Feustel et al [6], Corina Stetiu and Helmut E. Feustel [7], and 
Amory Lovins [8] showed that using alternative cooling technologies such as 
hydronic radiant1 systems that separate ventilation from building thermal 
conditioning provide indoor conditions very similar to those provided by 
compressor-driven technology and allows reduction of the amount of air 
                                                 
 
1 A system of heating or cooling that involves the transfer of heat by circulating a fluid (water or steam) in a 
closed system of pipes. 
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transported through the building. The savings of transport energy alone 
reduces the energy consumption, especially the space conditioning peak 
power requirement significantly [7]. 
Low total building energy consumption can be achieved by reducing the 
efficiency gap between the average new cooling equipment and the most 
efficient cooling equipment available such as evaporative and solar 
absorption cooling systems. Substituting compressor-driven refrigeration 
equipment with energy efficient ones may save space conditioning energy 
consumption and peak power demand and provide indoor conditions very 
similar to those provided by compressor -driven technology. 
Severe urban air pollution, high energy prices, and energy security concerns 
encourage the reduction of building energy consumption and peak power 
demand that could be achieved through the adoption of new building 
standards calling for better building design in general and replacing the 
traditional systems with more efficient systems in particular. 
ͳ.  ʹ Motivation for this Research 
In spite its low energy consumption, low peak power demand, low building 
space requirements, draft and noise-free cooling [2], and reduced system first 
cost for high maximum specific cooling loads, there is almost a complete 
absence of radiant cooling application as an alternative cooling technology 
for human comfort or animal enclosure air-conditioning in Sudan. Radiant 
cooling is characterized by its low energy consumption, low peak power 
demand, low building space requirement, draft and noise-free cooling, and 
reduced system first cost for high maximum specific cooling loads [6]. 
Radiant cooling provides indoor thermal comfort by radiantly exchanging 
heat between the heat source and the surface through which a cold fluid is 
circulated. The indoor air quality is maintained by supplying only the 
necessary amount of fresh air needed for ventilation purposes from an air 
distribution system. 
However, the presence of a cold surface in the conditioned space increases 
condensation risks. Condensation can damage the building structure, the 
finishing or the radiant system itself. Condensation is commonly prevented 
by dehumidifying the ventilation air using the extremely expensive and 
energy consuming process ‘mechanical vapour compression refrigeration’ or 
set a minimum limit. The minimum limit for the cold surface (radiant panel) 
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temperature shall not, theoretically, be less than the space dew temperature 
[6]. 
ͳ.  ͵ Objectives of the Research 
The objectives of this research include: - 
1. Investigating the feasibility of using radiant cooling in the field of 
animal enclosures thermal environment control in Khartoum, with 
special emphasis to poultry confinement air-conditioning. 
2. Studying the use of a solar-operated liquid-desiccant evaporative 
dehumidifier as a water cooler and mechanical ventilator for the 
particular application of animal enclosure thermal environment control 
in Khartoum-Sudan. The study is to indicate whether a radiantly air-
conditioned poultry enclosure using a solar-driven liquid-desiccant 
evaporative cooling can operate and provide thermal environment 
accounting for energy consumption and peak power demand. 
3. Design a liquid desiccant evaporative cooling system using solar energy 
as driving energy. 
4. Developing a computer program to model the dynamic thermal and 
moisture-related effects associated with a solar-operated liquid 
desiccant evaporative cooling system and provides information about 
solar-operated liquid desiccant evaporative cooling system performance 
parameters, and the dynamic response of the desiccant evaporative 
cooling system to weather changes. 
ͳ.Ͷ Thesis outline 
Chapter 2 contains a brief literature about poultry enclosure environment 
control (thermoregulation responses and efficiency, animal thermal energy 
balance relations, poultry enclosure thermal environment considerations and 
factors affecting poultry enclosures environment). It also outlines the effect 
of animal enclosure thermal conditions on poultry production, and 
conventional poultry thermal environment control systems. 
Chapter 2 describes very briefly mechanical refrigeration air-conditioning 
system types, gives a short history of radiant systems theory, state-of-the art, 
heat transfer, cooling power, radiant panel heat losses and design. Chapter 2 
outlines as well radiant cooling systems designs types, numerical modeling 
of radiant cooling systems, radiant cooling systems economics, advantages 
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and disadvantages, and a discussion of radiant air-conditioning in relation to 
all-air systems. 
Chapter 3 gives a short history of desiccants and desiccant materials, 
desiccant dehumidification systems, state-of-the-art, liquid desiccant theory, 
liquid desiccant equipment types and theory, evaporative cooling equipment 
and theory, solar heating and cooling theory, desiccant evaporative cooling 
state-of-the-art, and solar application of liquid-desiccant evaporative cooling. 
The core of the thesis begins in chapter 4 by describing the solar-driven 
liquid desiccant evaporative cooling cycle configuration used in this 
research. Chapter 4 describes as well the structure and the physics used for 
modelling heat and mass transfer processes in each system component, and 
presents the equations constituting the basis of the computer model to 
provide the dynamic methodology used by the author to develop a 
simulation program for evaluating system components sizing, components 
design, and system performance analysis. Chapter 4 describes as well the 
methodology used to numerically simulate the system outlining the 
methodology used to simulate each system component.  
Chapter 5 presents the numerical simulations conducted to assess the 
performance of the solar-operated liquid desiccant evaporative cooling 
system using a Mat Lab program developed by the author. The program uses 
the system configuration, air side and a liquid-side (salt-water solution and 
cooling water) entering condition as inputs to solve the system’s governing 
equations. Chapter 5 also presents the parametric study conducted by the 
author to investigate the effect of the salt-water solution concentration and 
mass flow rate on the performance of the system. Finally, Chapter 6 presents 
the conclusions and recommendations for this work. 
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CHAPTER 2 
2 POULTRY ENCLOSURE THERMAL ENVIRONMENT 
CONTROL STATE OF THE ART 
.ʹͳ Preamble 
Animal structures are usually designed to permit efficient handling, feeding, 
disease control, and to provide animal security rather than controlling animal 
production thermal environment (air temperature, moisture content, air 
movement, and radiant thermal exchange). Environmental stress imposed on 
the animal as well as nutritional, pathological and other factors reduce 
animal production in many cases. Hence, thermal and gaseous environment 
aspects are very important once the animal shelter is chosen regardless of the 
reason for a confinement housing system selection. Principles of thermal 
physiology embodied in energy flow concept form the background of 
thermal environment considerations specifically affecting growth, 
production, and reproduction. 
 
 
 
Thermoregulatory feedback system (Figure 2.1) [9] helps simplifying the 
presentation of domestic farm animal’s physiological thermoregulatory 
responses. The difference between a reference signal and actual controlled 
thermal input forms the basis of regulation in thermoregulatory feedback 
system. Changes in thermal environment cause imbalance between the rate 
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Figure 2.1Thermoregulatory Feedback Control System 
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of heat production and the rate of heat loss which causes a change in body 
temperature sensed by thermo receptors from numerous points throughout 
the animal body and fed to a comparator. The difference yields an error 
which activates the thermoregulatory actuators control elements and adjusts 
the heat production (metabolic rate), the heat loss or both to reduce the 
difference between the set point and the controlled thermal inputs. 
Figure 2.1 assumes that movement behavioural thermoregulatory response 
(postural adjustment, huddling), changes in food and water intake, and 
multiple operant conditioning system controllers that gives the animal an 
opportunity to control the thermal environment by actuating a mechanism 
that produces a thermal change in the environment such as provision of a 
cool air supply for a short time, heating and cooling of spinal cord, 
hypothalamus, and lower brain influences thermoregulatory behavior [9]. As 
an animal will be at maximum energetic efficiency when food conversion to 
saleable product is maximal, the direct effect of thermal environment on 
energy exchange is to reduce energetic efficiency by an increased heat loss 
or reduced food energy intake. The net energy utilized by the animal for 
productive performance, reproduction and work equals the difference 
between energy intake and energy loss. The first law of thermodynamics 
expresses animal thermal energy balance in terms of body specific heat Cp, 
temperature Tb and mass mb, metabolic heat production MHP, radiant, 
conductive and convective heat transfers qr, qk, qconv by: - 
േ୰േୡ୭୬୴േ୩െൌୠ୮
ୠ

ʹǤͳ 
As evaporative heat loss (EHL) is determined by respiration need and water 
diffusion through the skin, the metabolic heat production (MHP) must be 
increased at low environmental temperature and reduced commensurate with 
maintenance of body processes to maintain homeothermy. Equation 2.1 is a 
fundamental expression that links animal physiological state (metabolic heat 
production, sensible heat loss, and body temperature) with thermal 
environment and can be represented graphically by the simplified schematic 
diagram Figure 2.2 [9]. 
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.ʹ  ʹ Poultry Enclosure Thermal Environment Considerations 
To perform its normal functions, the animal body has to maintain a balance 
between the heat generation and heat loss. Radiant heat transfer from the 
body to the surrounding surfaces took the highest portion of the heat loss, 
followed by convection to the ambient air and conduction; respiration and 
excretion have less influence. Feeling chilly under clear sky on a summer 
evening although the air temperature is warm explains the impact of 
radiation and importance of surrounding surface temperature. Heat loss by 
convection requires high air velocity close to the skin which leads to draft 
and uncomfortable conditions. 
Heat loss by radiation is caused by the difference between the body 
temperature and the mean radiant temperature2 defined at a given point in a 
room in relation to a given posture and feathering/clothing. 
.ʹ .ʹͳ Factors Affecting Poultry Confinement Environment 
.ʹ .ʹͳ.ͳ Effects of Air Temperature 
Both animal behavioural and physiological responses are involved in air 
temperature regulation. The surrounding air temperature affects directly the 
heat loss of livestock in the confinement which in turn affects the moisture 
                                                 
 
2 It is the uniform temperature of imaginary isothermal black surroundings which will 
give the same radiant heat loss from the actual body under study. 
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Figure 2.2 Relation between Animal Physiological State and Body Temperature 
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content of the environment; the confinement management system can either 
prevent or stimulate behavioural responses. 
Poultry heat loss during production remains fairly constant between lower 
critical and higher critical temperatures. a thermal zone in which the most 
efficient feed conversion occurs [9-13]. Below the lower critical temperature 
the rate of productive performance increases because the animal increasingly 
uses feed to maintain body temperature. Above the higher critical 
temperature the feed intake declines, hence the rate of productive 
performance decreases. Broiler chicks raised to 3-weeks of age had better 
feed conversion when the initial air brooding temperature was 310C to 350C 
and lowered in equal one week increments to a final temperature of 240C to 
280C in the fourth week [9]. Although 7
0C to 21
0C may be an acceptable 
temperature range for egg production, yet 200C to 30
0C is the most efficient 
egg production range due to increased feed costs with lower temperatures 
[9]. 
.ʹ .ʹͳ.  ʹ Effects of Air Velocity 
The rate of heat loss from the body would correspond to air velocities close 
to the skin when convection is the only available heat loss mechanism. 
Increased air velocity which is often accompanied by increased sensible heat 
loss enhances evaporation of water from building surfaces (increases 
evaporative cooling effect and extends the limit over which animals can 
maintain production); hence it is desirable in hot environment but 
detrimental in cold environment. However, increasing the velocity of air 
whose temperature is below the animal surface temperature beyond a certain 
limit will lead to turbulent airflow regime close to the skin which may cause 
draft and therefore a different type of discomfort depending on the air 
temperature and turbulence intensity. On the other hand, increasing the 
velocity of air whose temperature is greater than the animal surface 
temperature will add sensible heat load on the animal (depending upon the 
vapour pressure difference between the animal’s skin and the air) that 
increases the magnitude of respiration (latent heat loss). 
.ʹ .ʹͳ.  ͵ Effects of Humidity 
The animal total heat loss is inversely proportional to the animal’s body 
weight; it decreases as the animal weight increases [9]. The percentage of the 
poultry confinement load that is sensible and latent depends upon the method 
of handling waste and water in the confinement facility [9]. Evaporation of 
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water in the building reduces the air dry-bulb temperature of the enclosure 
and increases the moisture content; the total heat loss from the animal 
remains the same. Hence, evaporation of water contributes to sensible heat 
loss during warm weather by decreasing the temperature inside the enclosure 
but detrimental during cold weather as it causes an increase in the 
supplemental heat requirement. 
Moisture content affects directly the animal latent heat loss and indirectly the 
animal performance as it affects air quality (dust concentrations and 
pathogens). Humidity changes in general would not affect the response of 
growing animals for temperatures below 240C [9], but it is of major concern 
at high environmental temperatures where sensible heat loss is limited. 
Increased relative humidity at high air temperatures declines evaporative 
heat loss due respiration and thereby lowers animals’ heat dissipation ability 
and decreases production. 
.ʹ .ʹͳ.Ͷ Effects of Ventilation Rates 
Ventilation rates are primarily based on moisture removal; less than 
minimum recommended ventilation rates increase air contaminants 
concentration such as gases and particulate matter thereby contrasts thermal 
environment. Air contaminants concentration include carbon dioxide CO2, 
water H2O and methane CH4, ammonia NH3, hydrogen sulphide H2S, from 
the decomposition of waste in addition to other trace gases formed during 
animal waste breakdown such as amines, amides, alcohols, aldehydes, 
ketones, mercaptans, disulfides, carbonyl sulphides, and fatty acids.  
.ʹ  ͵ Conventional Poultry Thermal Environment Control Systems 
As stated earlier, animal enclosure environmental control system have, 
besides influencing the thermal environment, interactive influences on 
disease, nutrition, noxious gases, dust, space and other unrecognizable 
factors that singly or synergistically affect growth, production, reproduction, 
behaviour and ultimately the profit of the livestock enterprise. Provision of a 
complete thermally controlled animal environment with the necessary 
environmental modification is not always economically justified except for 
new born or young animal [9]. 
In theory, animal enclosure thermal control systems are designed to maintain 
indoor conditions within the limits specified by the production zone that sets 
the limits for the variation of each of the production variables (indoor air 
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temperature, moisture, air velocity, etc.); the resulting indoor environment 
must be conducive to animal production and reproduction. 
Precise control of enclosed structure indoor environment cannot be 
maintained by purely ventilation system without using cooling/heating and 
energy conservation devices as integral environmental control equipment. 
Evaporative coolers are usually utilized as integral devices of mechanical 
ventilation systems to provide acceptable indoor thermal environment for 
adult animal structures by employing automatic controls such as thermostat 
modulators and time clocks to provide multiple airflow levels according to a 
regulated parameter [9]. 
There are two types of evaporative cooling equipment: the spray type air 
cooler and the wetted pad type evaporative air cooler. 
The spray type cooler (Fig. 2.3) uses fine spray nozzles installed downstream 
the ventilation fans and is normally installed in a closed outside corridor 
parallel to the enclosure.  
 
 
 
Figure 2.4, represents a possible wetted pad type design multi-layer cellulose 
honey cell sheets upon which water falls from a water distribution system. 
The closed water system may be fixed in the enclosure’s side, front or rear. 
Exhaust fans extract air from the enclosure thereby induce negative pressure 
inside and force outside hot air through the wetted surfaces. Heat is removed 
from the hot air flowing through the pads as part of the falling water 
evaporates in the air stream; the un-evaporated water is collected in the sump 
seliminator
water  liquid
inair    hot
outair    cold
nozzles  spray
water  upmake -
Figure 2.3 Spray Type Evaporative Cooling System 
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and re-circulated by been pumped again to the upper water distribution 
system.  
 
 
 
.ʹͶ Central Vapour Compression Refrigeration Air-conditioning 
Year-round conditioning can be attained by using centrally located 
equipment vapour compression refrigeration air-conditioning system, Figure 
2.5, with simple ductwork and controls that allows simultaneous control of 
air temperature, humidity, cleanliness, distribution, and proper acoustic level 
[10, 11, 14 and 15]. 
Central vapour compression refrigeration air-conditioning and distributing 
system usually use equipment located outside the enclosure with means to 
admit outdoor air, exhaust, cool/heat, humidify/dehumidify the air, clean and 
filter the various air streams, and means to distribute air, Figure 2.5. 
air  hot
drops  water  Falling
water                
evaporated-un  collected
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system ondistributi water
enclosure      
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Figure 2.4 Wetted-pad Evaporative Cooling System 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
13 
 
 
 
 
 
 
Vapour compression refrigeration air-conditioning systems are divided 
according to the method through which air is maintained within the space 
into five basic types [14-15]: - 
.ʹͶ.ͳ Direct Expansion Systems 
 
 
 
A direct expansion system, Figure 2.6, is a self-contained compact system 
that contains the minimum elements essential to produce the cooling effect. 
It is normally located within or near the air-conditioned space and may 
contain heating within or separate from the unit. 
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Figure 2.5 Central All-air Air-conditioning System Elements 
Figure 2.6 Direct Expansion Air-conditioning System 
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.ʹͶ.  ʹAll-water Systems 
 
 
 
All-water system, Fig. 2.7, consists of a room fan-coil unit, an individual 
self-contained refrigeration assembly or more large capacity remote central 
source liquid chilling refrigeration plant, a chilled liquid pump, chilled liquid 
piping, and a cooling tower. The fan-coil unit contains outdoor and return air 
intakes, filter, cooling and dehumidifying coil, fan, and air outlets. Individual 
room temperature is normally controlled by regulating a liquid valve at a coil 
within the room fan – coil. 
.ʹͶ.  ͵All-air Systems 
 
 
An all-air system, Figure 2.8, provides complete heating and humidification, 
sensible and latent cooling by supplying air to the conditioned space; water 
or other liquid may be used in piping connecting the cooling/heating devices 
to the air handling device (single or multi-zone system). The conventional 
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Figure 2.7 All-water Air-conditioning System 
Figure 2.8 All-air Air-conditioning System 
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all-air systems are ordinary single duct air transmission arrangements with 
direct room conditions control. Both air treating and refrigeration plants are 
located in a central station apparatus some distance from the conditioned 
space; only the air is brought into the conditioned space through ducts and 
distributed within the space by standard air distribution outlets. All-air 
systems are classified into two major categories: constant air volume 
variable temperature CAV and variable air volume constant temperature 
systems VAV. Load variation in all-air systems is compensated for by either 
regulating or reducing the amount of treated air while maintaining the full 
quantity of supply air by re-circulating neutral air from the conditioned space 
using conventional face and bypass control system. 
The configurations for variable air volume VAV and constant air volume 
CAV systems are the same (Figure 2.9); the only difference lies in the 
control parameter ‘supply air volume flow rate for variable air volume or 
supply air temperature for constant air volume’. VAV and CAV systems are 
modelled with equations that describe energy, air-mass, and air humidity 
balances for each air handling component by dividing the load into sensible 
Qs and latent Ql parts [16-19]. 
 
 
 
Room energy balance gives room sensible part in terms of supply air flow 
rate ? s, temperature Ts, specific capacity Cp and room temperature Tr by: - 
௥ܳǡ௦ൌ ሶ݉௦ܥ௣ሺܶ௥െ ௦ܶሻʹǤͳ 
The room air humidity balance gives room latent part l ,rQ  in terms of room 
and supply air humidity ratios rW , sW  and the energy for changing of water 
into vapour fgi  by: - 
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௥ܳǡ௟ൌ ሶ݉௦ሺܹ௥െ ௦ܹሻ݅௙௚ʹǤʹ 
For re-circulated air fraction r, outdoor air temperature To and mixture 
temperature Tm, the mixing box energy balance is given by: - 
௠ܶൌሺͳെݎሻܶ௢൅ܶݎ௥ʹǤ͵ 
The mixing box air humidity balance is given by: - 
௠ܹൌሺͳെݎሻܹ௢൅ܹݎ ௥ʹǤͶ 
Cooling coil energy balance is given by: - 
௖ܳൌ ሶ݉௦ܥ௣ሺܶ௦െ ௠ܶሻ൅ ሶ݉௦ሺܹ௥െ ௦ܹሻ݅௙௚ʹǤͷ 
For variable air volume system, the supply air temperature Ts is provided as 
input data and the room sensible load Qr,s is calculated by equations defining 
the room energy balance for certain room air temperature Tr described in 
Appendix F; supply air flow rate ? s is calculated by equation (2.1). The 
supply air humidity ratio Ws is calculated based on the given Qr,l and Wr; 
cooling coil energy Qc is calculated using equations 2.1-2.5 knowing values 
of Ts, Tr, ? s, Ws, Wr, and recirculated air fraction r. 
For constant air volume system, the supply air flow rate ? s is provided as 
input data and supply air temperature Ts is calculated based on room cooling 
load; supply air humidity ratio Ws is calculated from equation 2.2, then Qc is 
calculated in the same way as for variable air volume system. 
To enable coupling air handling unit model with the chiller model, a 
relationship between the fluid supply and return temperatures Tf,in and Tf,out 
for a given supply air mass flow rate ? s thorough a cooling coil of 
effectiveness e  is defined as: - 
௙ܶǡ௢௨௧ൌ ௙ܶǡ௢௨௧൅
ሶ݉௦ܥ௣
ሶ݉௙ܥ௣ǡ௙
ߝ൫ܶ௠െ ௙ܶǡ௜௡൯ʹǤ͸ 
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.ʹͶ.Ͷ Air-water Systems 
 
 
In air-water systems, Figure 2.10, most of the space load is balanced by a 
water coil included in the room induction unit system. Hence small air 
conduits replace the bulky air ducts of the conventional all-air system which 
practically reduce the floor areas occupied by the air terminals, the 
cooling/heating media transmission system and the central apparatus. 
The high velocity high pressure primary air delivered by the induction unit 
system serves to balance the building shell heat gains/losses, satisfy the 
ventilation requirements, and provide the humidity control and motive power 
to induce room air across the secondary cooling/heating coil within the 
terminal that produces year-round or seasonal cooling and heating. 
.ʹͶ.ͷ Heat Pump Systems 
A heat pump, Figure 2.11, is a system in which the refrigeration equipment 
is used such that heat is removed from the space and taken to the evaporator 
when cooling and dehumidification is required, while heat is taken from the 
condenser and given to the conditioned space when heating is required (a 
cycle that by design removes heat in either direction). The air-to-air, in 
which outdoor air offers a universal heat-source-heat-sink medium, is the 
most common type. 
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.ʹͷ Radiant Systems 
During the last decade more inhabitants showed a critical attitude towards 
all-air systems. To extract the building cooling loads, all-air system supply 
either very low temperature metered amount of ventilation air or moderately 
cool air at a rate exceeding the required amount of ventilation air. Low air 
temperature normally leads to uneven fresh air distribution, very cold local 
drafts and or indoor air quality problems; on the other hand, high air flow 
rates leads to draft as air from an air-conditioning system is normally 
turbulent. 
Excessive use of transport energy and comfort problems encountered in all-
air-systems lead to new ventilation strategies such as displacement 
ventilation [6] that constitutes supplying clean low turbulent intensity air to 
the breathing zone to displace contaminants [14]. Convective currents 
created by space heat sources act as vertical air transport natural driving 
forces was developed to overcome mixing ventilation problems. 
Because the amount of outdoor air needed for ventilation is usually small 
and the temperature gradient between the feet and head is limited (must not 
exceed C 30  which means supply air temperature cannot be too cold), 
displacement ventilation capacity is normally small. The most efficient use 
of displacement ventilation is in association with a cooling source that does 
not require air transport inside the room by coupling displacement 
ventilation with a radiant system; a strategy allows separating building 
ventilation and cooling tasks [6]. 
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Figure 2.11 Heat Pump System 
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A radiant system (Figure 2.12) is a variety of an air-water system in which 
the air quantity is kept to an amount sufficient for ventilation and humidity 
control requirements only. A radiant system consists of a cooled/heated 
surface (tubes embedded in a wall, ceiling or floor through which hot or cold 
fluid circulates or wire electrical resistance embedded in a surface or panel 
through which electrical current runs) and an air distribution system. It 
employs long-wave (infrared) radiation to remove unwanted energy from 
space, maintains acceptable indoor air quality and controls indoor air 
humidity by supplying fresh, filtered, dehumidified air through an air 
distribution system. Energy is thus added or removed from the space and 
occupants by radiation with the radiant system and convection from the 
surrounding air that is also affected by the radiant system; fans, ductwork, 
dampers, etc. are not needed. 
Radiant systems can incorporate separate controlled-temperature surfaces 
combined with single-zone constant volume central station system, or with 
dual duct, reheat, and multi-zone or variable volume system. Panel systems 
combined with central station air systems are known as hybrid conditioning 
systems, providing both individual room or zone cooling, spot or entire 
space cooling primarily by direct transfer of radiant energy. 
A radiant system achieves thermal environment by subjecting both room air 
and surrounding surfaces to temperatures prevailing within and outside the 
conditioned space (i.e. both air and the surrounding surfaces are sinks for the 
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metabolic heat evolved in the conditioned space). The thermal environment 
is regulated by circulating secondary media (hot or cold water) supplied from 
a boiler or a refrigeration plant through thermal panels or piping applied to a 
ceiling, floor or walls, complete with necessary auxiliaries. Air, brought into 
motion within the given space thermally or by force, circulates around the 
heat source exchange radiant heat with the heat source and the surrounding 
surfaces including the thermal panels. 
Because it relies on radiation to provide sensible cooling/heating, a radiant 
system provides thermal environment at indoor temperature higher than all-
air system. However, the operation of a radiant system has to prevent or 
minimize comfort decline arising as a result of asymmetrical radiant 
exchange in enclosures equipped with cold surfaces and condensation side-
effects associated with presence of cold surface in the enclosure. There are 
three strategies for minimizing condensation risk inside radiantly cooled 
enclosures: - 
5. Control indoor and outdoor humidity sources (installing radiant systems 
mainly where internal sources of moisture are relatively easy to control). 
6. Reduce the dew-point temperature for a given radiant surface temperature 
(dehumidifying the supply air). 
7. Set a minimum radiant surface temperature limit for a given range of 
ambient air dew-point temperature (generally set 20C higher than the 
average dew-point temperature of the ambient air). 
The cooling power of a radiant cooling system is a function of the heat 
transfer between the enclosure and the panel radiation and convection heat 
transfer components. The radiation component can be calculated based on 
enclosure geometry and surface characteristics while the convective 
component is a function of the air velocity that depends on the room 
geometry, the location and power of the heat sources and the location of the 
air inlet and exhaust outlets. A radiant system can be considered as a heating 
ventilating and air-conditioning HVAC device with constant volume air 
supply; the surface temperature Ts is the control parameter. 
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The total enclosure cooling/heating load Qzone (Figure 2.13) can be divided 
into energy extracted or added by the radiant panel Qp and energy extracted 
or added by the air system Qair: - 
௭ܳ௢௡௘ൌ ௣ܳ൅ ௔ܳ௜௥ʹǤ͹ 
The energy extracted or added by the radiant panel Qp is the sum of the 
radiative Qr and convective Qc parts: - 
௣ܳൌ ௥ܳ൅ ௖ܳൌ ሶ݉௪ܥ௣ǡ௪൫ܶ௪ǡ௢௨௧െ ௪ܶǡ௜௡൯ʹǤͺ 
Where, Tw,in and Tw,out are radiant panel water inlet and outlet temperatures. 
By adapting the solar collector model (Duffie and Beckman 1991) [16], the 
change of water temperature across the radiant panel is given by: - 
൫୵ǡ୧୬െ୸୭୬ୣ ୟି୧୰൯୰൅൫୵ǡ୧୬െୟୠ୭୴ୣ ୟି୧୰൯ୟୠ୭୴ୣ െ୰
൫୵ǡ୭୳୲െ୸୭୬ୣ ୟି୧୰൯୰൅൫୵ǡ୭୳୲െୟୠ୭୴ୣ ୟି୧୰൯ୟୠ୭୴ୣ െ୰
ൌቆ
୲
୮ǡ୵
	ᇱቇʹǤͻ 
Where A is the panel area, hr is the enclosure side convection coefficient, 
Uabove is the loss coefficient to the air above the radiant panel, Ut is total loss 
coefficient which encompasses the room side convection and the loss above 
the radiant panel calculated as ୲ൌ୰൅ୟୠ୭୴ୣ
൫୘౭ǡ౟౤ା୘౭ǡ౥౫౪ି ଶ୘౗ౘ౥౬౛౗౟౨൯
൫୘౭ǡ౟౤ା୘౭ǡ౥౫౪ି ଶ୘౰౥౤౛౗౟౨൯
 and 
F’ is the radiant panel (collector) efficiency factor defined by geometry and 
construction of the radiant panel [16]. 
ss
.
T and mConstant 
:System Supply Air
roomQ
:Room
surfaceT
suroundingT
Radiation
Convection
rT
panel-radQ
out f,T in f,T
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The closed system of equations 2.8-2.10 enables the calculation of water 
inlet in,wT  and outlet Tw,out temperatures using known values of heat loads. 
Heat loads Qr and Qc are solved together with room temperature Tzone air and 
temperature of air above the panel Tabove air by the room energy balance 
equations to provide a relationship between water inlet and outlet 
temperatures Tw,in and Tw,out for a given water mass flow rate. 
However, there are four different radiant system designs in practice: the 
panel system, the grid system, the concrete ceiling core system and raised 
floor system. 
.ʹͷ.ͳ Panel Type Radiant System 
The panel system is most used radiant systems design usually built from 
aluminium panels with metal tubes connected to the rear of the panel Figure 
2.14 or as a sandwich system with water flow paths included between two 
aluminium panels. The use of a highly conductive material in the panel 
construction provides the basis for fast response of the system to changes in 
room loads. 
The connection between the panel and the tubes in the panel system is a 
critical detail as poor connections provide only limited tube and panel heat 
exchange, thereby increased panel surface and high cooling fluid 
temperature differences is needed. An alternative system is to build a 
sandwich system with water flow paths between two aluminium (high 
conductive material) panels that provides fast system response to room load 
changes, thereby increase the directly cooled panel surface and reduces heat 
transfer problem. 
 
.ʹͷ.  ʹCooling Grids Type Radiant System: - 
The cooling grids radiant system is made of small flexible plastic tubes 
placed close to each other embedded in plaster or gypsum board or mounted 
on ceiling panels (acoustic ceiling elements). 
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flowheat    of  Direction
Figure 2.14 Panel Type Radiant 
System 
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.ʹͷ.  ͵The Concrete Ceiling Core Type System: - 
The concrete ceiling core type system (Figure 2.15) consists of plastic tubes 
embedded in the core of a concrete ceiling through which water is circulated. 
This layout allows the system to take advantage of the concrete thermal 
storage capacity and thereby provides opportunity to shift the building peak 
load away from the utility grid peak. Relatively high ceiling surface 
temperatures are required to avoid uncomfortable conditions occurring in 
case of sudden loads drop. 
 
 
 
Concrete ceiling core type is particularly suitable for coupling with 
alternative cooling source in which the balance between high and low 
thermal load rooms is achieved by operating a water pump [6]. 
.ʹͷ.Ͷ The Raised Floor System: - 
The ventilation air supply plenum in this system is located under the floor 
below window, thereby the supplied air reduces the cold window surfaces 
irradiative effect in winter and hot window surfaces effect in summer. 
.ʹ͸ Radiant System Thermal Environment Considerations 
Poultry can loose heat by radiation with surrounding surfaces, convection to 
the ambient air, conduction, evaporation, respiration and excretion [9]. 
Radiation has the highest heat transfer coefficient followed by convection 
and conduction; possibilities of increasing heat loss through respiration and 
excretion is very limited. Radiation, a consequence of energy-carrying 
electromagnetic waves emitted by atoms and molecules as a result of 
changes in their energy content, is one of the basic energy transfer 
mechanisms between different temperature regions distinguished from 
conduction and convection in that it does not depend on an intermediate 
material as energy carrier. 
flowheat    of  Direction
Insulation
Floor
Concrete
tubes  Embedded
Figure 2.15 Concrete Ceiling Core Type Radiant System 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
24 
 
 
 
Radiant energy is transmitted from warm bodies and their surroundings to 
cool surfaces through net emission of electromagnetic waves travelling in 
straight lines, which can be reflected and heat solid subjects but do not heat 
the air through which energy is transmitted. The amount and characteristics 
of radiant energy emitted by a quantity of material depend mainly on the 
material structure, its microscopic arrangement, and absolute temperature. 
Heat loss by radiation is caused by the difference between body surface 
temperature and the mean radiant temperature; a function of the surrounding 
surfaces temperatures that is easy to define but quite complicated to calculate 
or measure due to the nature of the variables required in the radiant exchange 
characterization. Enclosure surfaces often have rectangular shape, therefore 
angle factors in the mean radiant temperature calculation are defined 
between a body and a number of vertical or horizontal planes (location and 
orientation inside the enclosure must be known); body posture is important. 
Radiant energy falling on a surface can be absorbed, reflected, or transmitted 
through the material. Emitted or reflected radiation is considered distributed 
diffuse radiation as a good approximation for all normal non-metallic 
surfaces [16].  
The combined effects of radiation and convection inside an enclosure are 
often evaluated using environmental indices (temperature, humidity, air 
motion and radiation), operative3 and effective4 temperatures. Operative and 
effective temperatures do not indicate the presence of radiation asymmetry 
inside an enclosure. The rate of radiant energy which continuously 
exchanged between all bodies in space depends on: - 
1. Temperature of the emitting surface and receiver. 
2. Radiating surface emittance. 
3. Receiving surface reflectance, absorptance and transmittance. 
4. The view factor between the emitting surface and the receiver. 
.ʹ͹ All-air Versus Radiant Poultry Thermal Environment Control  
The all-air system controls poultry enclosure thermal environment using a 
cooling coil that cools/heats and dehumidifies/humidifies re-circulated air 
                                                 
 
3It is the average of ambient and mean radiant temperature inside the enclosure weighed by their respective 
heat transfer coefficients.  
4It is a single index combining ambient temperature, radiant temperature and humidity.   
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and outdoor fresh air to the target room conditions. The cooling coil thus 
cools and dehumidifies a mixture of 430C dry-bulb and 23.40C wet-bulb 
temperature outside air and 290C dry-bulb temperature and 60% relative 
humidity return room air from the mixture state of about 27.50C dry-bulb and 
10.75 gwater/kgdry air moisture content to space supply condition. 
The all-air system must dehumidify the supplied air below the enclosure 
design moisture content by an amount equals the poultry moisture 
production to remove the internal latent loads. This implies that the all-air 
system must cool the supplied air lower than 130C; a temperature lower than 
the prescribed supply temperature of 180C. To conserve some energy, the all-
air system usually re-heats the supply air to the required temperature, before 
supplying it to the enclosure, either using compressor waste heat or 
channelling the supply cool air through building components. 
A radiant system removes the enclosure load mainly by circulating cold or 
hot water through a piping system; the ventilation side of the radiant system 
provides the specified ventilation (fresh) air to control the enclosure dew-
point (moisture content) and avoid humidity build-up. The ventilation air 
needs to be about only 30C below the enclosure air temperature to provide 
stable displacement. A radiant air-conditioning system coupled to a solar-
driven liquid desiccant evaporative cooling system can provide such 
moderate temperature air as well as the cold water required through the 
hydronic system. This significantly reduces the electrical power demand of 
the thermal control system. 
.ʹ  ͺ Concluding Remarks 
All-air systems employ air for heat and humidity transfer medium as well as 
for ventilation tasks; thereby they contribute significantly to electrical power 
consumption and peak power demand. Fans used to transport air necessary to 
offset space cooling load, properly ventilate the space and maintain the 
indoor air quality through the thermal distribution system are usually placed 
in the air stream (part of the drawn energy heats the air and adds to the 
internal thermal cooling peak load). 
Radiant cooling systems use separate air systems to transport only the air 
necessary to fulfil ventilation requirements, and secondary water distribution 
(hydronic) systems to thermally condition the space without recirculation air. 
This separates building thermal conditioning from ventilation, thereby 
allows reduction in the amount of air transported through the building. 
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Simple walls, floor, and structural systems may be employed, as the thermal 
conditioning equipment do not need space outside the walls.  
Thermal properties of liquid water, the transport medium connecting the 
interior radiant surface with an exterior heat sink, used by most radiant 
systems allow radiant systems to remove a given amount of thermal energy 
with less transport energy than that needed by an all-air system. 
The panel thermal energy storage (water thermal capacity) shifts the peak 
cooling/heating demand to a later hour in the day thereby reduces peak loads 
and interfaces more easily with thermal energy storage systems. In addition, 
the radiant system occupies the whole ceiling or a vertical wall (large 
surfaces for heat exchange). 
The cooling water temperature is usually a few degrees lower than the space 
air temperature, this eliminates condensation problems associated with 
cooling coils in occupied space thereby reduces septic contamination 
potentials and allows the use of alternative cooling technologies which 
further reduce the building electricity power requirements. 
As it transports only the air necessary for ventilation purposes, a radiant 
system significantly reduce both volume and velocity of air transported 
through the space thereby practically eliminate draft and provide better 
indoor conditions as space air motion is at normal levels and radiant loads 
are treated directly. 
The relatively low air volume supplied by radiant systems allows less 
ductwork space than that required by conventional air-conditioning systems 
hence reduce radiant system initial cost and allows occupants to enjoy higher 
ceiling spaces as a result of reduced floor-to-floor height. 
Air does not play a major sensible cooling role in a radiant system thereby it 
does not need to be cooled far below room air temperature (reduced duct 
heat loss) or use associated fan-coils or induction units (eliminated noise). 
All mechanical equipment may be centrally located; hence no space is 
required within the conditioned space which simplifies operation and 
maintenance activities. 
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CHAPTER 3 
3 SOLAR-DRIVEN LIQUID DESICCANT EVAPORATIVE 
COOLING LITERATURE REVIEW 
.͵ͳ Preamble 
Air-conditioning has been achieved reliably and efficiently over the last few 
decades due to the popularity gained by vapour compression machines as a 
result of halogenated hydrocarbons discovery. A disadvantage of vapour 
compression air conditioning is that air must be cooled below its dew point 
to provide dehumidification. In addition, the need to conserve energy besides 
the contribution of these chemicals emissions during production and use to 
the depletion of the Earth’s ozone layer and global warming necessitates 
exploring other energy efficient and environment friendly cooling 
techniques. 
Sustainable use of energy and minimizing environmental degradation are 
today’s great challenges. Evaporative cooling, basically achieved by 
evaporation of water in air, is a very simple, environment friendly, robust 
and low cost cooling technology. Evaporative water coolers (cooling towers) 
utilize direct contact between water and atmospheric air (low energy cooling 
technology) to reclaim cold water for refrigerant condensers, power plant 
condensers and other heat exchangers. As water cooling strategy, 
evaporative cooling is limited because of its varying cooling capacity during 
the day and the season. Atmospheric air wet-bulb temperature is the key 
determinant of obtaining good cooling achievements in evaporative cooling. 
Ambient air wet-bulb temperature in tropical and subtropical climates is high 
to assure effective water cooling using direct evaporative cooling. 
However, evaporative cooling may be used as an alternative to conventional 
vapour compression air-conditioning to meet hot climates growing demand 
for environmental control if limitations imposed by the wet-bulb temperature 
on the cooling achieved were override within limits compatible with air-
conditioning requirements. Forcing the process (ambient) air through a liquid 
desiccant absorber to reduce air humidity before it enters the evaporative 
cooling device and dissipate the heat adsorbed by the liquid desiccant to the 
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atmosphere is one way of reducing the wet bulb temperature. As the greatest 
cooling demand occurs during times of highest solar insolation, solar-driven 
liquid desiccant evaporative cooling can help alleviate the problem. 
Desiccant evaporative cooling in which desiccant dehumidification used to 
reduce process air wet-bulb temperature to values encouraging direct 
evaporative cooling may be used to reclaim cold water for air-conditioning 
purposes. This would be feasible especially in panel air-conditioning where 
condensation due existence of a cool surface whose temperature is less than 
the space dew point is a problem. Generating cold water using desiccant 
evaporative cooling is an environment friendly cooling process that 
eliminates greenhouse gas emissions and dependence on harmful 
refrigerants; both desiccant dehumidification and direct evaporative cooling 
require no refrigerant. In addition, desiccant evaporative cooling cycle is an 
open heat driven cycle affording the opportunity to utilize heat that might 
otherwise be wasted to provide the heating required to regenerate the 
desiccant; this significantly reduce electrical energy demands in comparison 
with conventional mechanical refrigeration systems. 
.͵  ʹ Desiccants & Desiccant Materials 
Sorbents are materials that have an ability to attract and hold other gases or 
liquids; they can be used to attract gases or liquids other than water vapour. 
Desiccants are subset of sorbents that have particular affinity for water. 
Virtually all materials such as wood, natural fibres, clay, and many synthetic 
materials are desiccants; they attract and release water vapour the same way 
commercial desiccants do but they lack the holding capacity. Depending on 
the desiccant’s type and moisture available in the environment, commercial 
desiccants such as dry silica gel and salts (lithium chloride) have the 
characteristic of attracting between %10  and %1100  of their dry mass [10]. 
Commercial desiccants continue to attract moisture even when the 
surrounding air is quite dry; a characteristic that other materials do not share. 
As they are able to attract and hold more than simply water vapour, 
commercial desiccants can be used to improve indoor air quality by 
removing contaminants, organic vapours from air streams and control 
microbiological contaminants. 
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All desiccants attract moisture until they reach equilibrium with the 
surrounding air. The sorption process (adsorption or absorption5) always 
generates sensible heat equal to the latent heat of water taken up by the 
desiccant plus an additional heat of sorption varying between 5% and 25% of 
the latent heat of water vapour [10]; this heat is transferred to the desiccant 
and to the surrounding air. Moisture is usually removed from liquid 
absorbent by exposing weak absorbent solution, after being heated to 
temperatures between 500C and 260
0C, to scavenger air. 
Liquid desiccants include solutions of lithium bromide LiBr, lithium chloride 
LiCl, tri-ethylene glycol TEG, etc. in water. Because desiccants are corrosive 
(i.e. require corrosion resistant materials) and have higher surface tension 
(adequate wetting of mass transfer surfaces is more difficult), the use of salt-
water solutions (liquid desiccants) increase equipment cost. Desirable 
properties of liquid desiccants include easy control of vapour pressure to 
facilitate wide range of applications, chemical stability to prevent reaction 
with piping and heat exchangers or contaminants in the air. Desiccants must 
be non-flammable, odourless, non-toxic, can be regenerated at reasonable 
temperatures, have good pumping requirements, and a reasonable cost. Table 
3.1 [17] lists the physical properties of aqueous solutions important for 
evaluating heat and mass transfer processes. 
Table 1 Phyical Properties of Liquid Desiccants at 250C [17] 
Weight % ? x10-3 (kg/m3)  µ x10-3 (N.s/m2)  ? x103 (N/m) Cp(kJ/kg)  
95% TEG 1.1 28 46 2.3 
55% LiBr 1.6 6 89 2.1 
40 % CaCl2 1.4 7 93 2.5 
40 % LiCl 1.2 9 96 2.5 
All desiccants transfer moisture due to pressure difference between the 
vapour pressure at their surface and that of the surrounding air. They attract 
moisture when the vapour pressure at their surface is lower than that of the 
surrounding air, and release it when their surface vapour pressure is higher. 
                                                 
 
5 Adsorption is a process that does not change the desiccant except by the addition of the mass of water 
vapour while absorption is a process in which the desiccant undergoes a chemical change as it takes on 
moisture. 
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As the moisture content of the desiccant increases, the vapour pressure at the 
desiccant surface rise; equilibrium is achieved when the vapour pressure at 
the desiccant surface is the same as that of the air. 
Either lithium chloride or a glycol can be used; the advantage of glycols is 
that they are much less corrosive than lithium chloride solutions. However, 
glycols make-up cost for a regenerator in which hot glycol is sprayed over a 
packed-bed and scavenging air stream carries away the water and some 
glycol as all glycols have significant vapour pressure at regeneration 
temperatures; significant amounts will evaporate into the scavenging air 
carrying away the water absorbed in the absorber. Evaporative losses from 
the absorber can also add cost and represent an unacceptable chemical flow 
into the occupied space. 
.͵  ͵ Desiccant Dehumidification systems 
Both liquid and solid desiccants may be used in equipment designed for 
drying air and gases at atmospheric or elevated pressures. Regardless of 
pressure levels, the basic principles remain the same; only the desiccant 
towers (chambers) require special design considerations. Desiccant system 
capacity and actual dew point performance depend on the specific equipment 
used, the desiccant’s characteristics, initial temperature and moisture content 
of the gas to be dried, reactivation methods, etc. 
The main difference between the performance of liquid and solid desiccant 
cycles is in the trade-off between cooling capacity and COP. The heat 
rejected by a liquid desiccant cycle to achieve lower dew point for a given 
regeneration temperature lowers the COP relative to solid desiccant cycles; 
the effect of the energy lost for regeneration pre-heat was greater than the 
increase in cooling capacity achieved. However, the degree of idealization 
for liquid desiccant cycle is considerably greater than that for solid desiccant 
cycles. 
Unlike solid desiccants, liquid desiccant regeneration does not require air to 
be both the heat and mass transfer mechanism. Using air as a mass transfer 
mechanism requires raising the desiccant temperature such that its vapour 
pressure is equal to the vapour pressure of the ambient air and supply heat to 
the desiccant to vaporize the water; the generation energy may be much less 
than the heat of vaporization. To simplify the analysis, the heat of absorption 
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(the heat of solution6) is often calculated as equal to the heat of vaporization; 
the actual value of the heat of absorption is practically not much different 
than the heat of vapour condensation. 
For liquid desiccant systems where air is not the heat and mass transfer 
mechanism, only the heat of solution need be expended to separate the 
absorbed water from the desiccant. One possible regeneration mechanism is 
to use a vapour compressor to reduce the desiccant vapour pressure and 
recuperate the rejected heat of condensation into the desiccant by the 
pressure difference across the compressor. Another scheme is to develop a 
desiccant where the water absorbed becomes miscible at some threshold 
temperature and remove it from the desiccant by skimming; the only energy 
required would be the heat of solution added during the separation process. 
Andrew Lowenstein [18] and Andy Lowenstein et al [19] showed in their 
study that cooling and dehumidifying of air using liquid desiccant systems 
with advanced regenerators have operating costs about 40% lower than those 
of solid desiccant systems.  
.͵ .͵ͳ Solid Desiccant Systems 
Solid adsorbents can be either bead of granular material packed into a bed or 
finely divided and impregnated throughout a structured media resembling 
corrugated cardboard rolled into a drum so that air can pass freely through 
the flutes aligned length-wise the drum. Both granular and structured media 
units can be either a single material (silica gel) or used in combination (dry 
lithium chloride mixed with zeolites). 
The ability of a solid adsorbent to attract moisture depends on the vapour 
pressure difference between the absorbent surface and the air; the capacity of 
solid adsorbents is generally less than the capacity of liquid absorbents. As 
they can continue adsorbing moisture even when they are quite hot, solid 
adsorbents allow dehumidification of very warm air streams. Solid 
adsorbents can be manufactured to precise tolerances with pore diameters 
that can be closely controlled (tailored to adsorb a molecule of specific 
diameter). The adsorption behaviour of solid adsorbents depends on the 
absorbent total surface area, the total volume of capillaries and the range of 
capillaries. Large surface area gives the adsorbent larger capacity at low 
                                                 
 
6 It is the heat evolved or absorbed when one mole of a solute is dissolved in a large volume of solvent; it is 
related to the enthalpy of mixture if the mixing is carried at constant pressure 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
32 
 
 
 
relative humidities; large capillaries provide high capacity for condensed 
water giving the adsorbent a higher capacity at low relative humidities. A 
narrow range of capillary diameter makes an adsorbent more selective in the 
vapour molecules it can hold. 
.͵ .͵  ʹLiquid Desiccant Systems 
A liquid desiccant system consists essentially of air dehumidifier (absorber), 
solution regenerator, and some process air and salt-water solution heat 
exchangers. The degree of air dehumidification depends on the 
concentration, temperature, and characteristics of the salt-water solution used 
and the vapour-pressure difference between the air and the absorbing 
solution (desiccant). The moisture content of the leaving air can be precisely 
controlled by maintaining the liquid desiccant at the proper concentration for 
moisture removal and keeping the solution temperature constant.  
In dehydration of gases such as moist air with aqueous salt-water solutions, 
the water is absorbed by the salt-water solution to be later desorbed in the 
regenerator. The absorption of moisture from air by liquid desiccants is an 
exothermic process (librates heat) while regeneration is an endothermic 
process (requires heat). The thermal energy liberated/required is larger than 
that corresponding to the condensation or vaporization of pure water; the 
difference constitutes the heat of solution ? Hs and must be removed or added 
to keep the liquid desiccant temperature constant. When mixing is carried at 
constant pressure, the heat of solution is called the enthalpy of solution is. 
The enthalpy of solution is produced by adding x kg of water at constant 
pressure to 1 kg of dry salt to produce an aqueous solution is given by: - 
ୱൌ୅ୢ୰୷൅୵൅οୱ͵Ǥͳ 
Where, iA dry and iw are enthalpies of the dry salt and water added. 
The heat of solution varies with both solution temperature and concentration; 
it equals the heat of formation in the aqueous solution ? Hf,aq minus the heat 
of formation of the dry sorbent from its constituents ? Hf,s. The quantity ? Hf,s 
varies with temperature while ? Hf,aq varies with both solution temperature 
and concentration. 
The enthalpy of salt-water solution is usually calculated using 250C and 00C 
as reference temperatures for dry absorbent and water enthalpies [21]; hence 
is = ? Hs will be the enthalpy of solution at 250C. For any temperature: - 
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Where, Cp,sol is the specific thermal capacity of the salt-water solution. 
Manuel R. Conde [20] established an interpolating equation for the specific 
thermal capacity of aqueous lithium chloride as: - 
୮ǡୱ୭୪ሺȗǡሻൌ୮ǡୌమ୓ሺሻሾͳെଵሺȗሻଶሺሻሿ͵Ǥ͵ 
Where, the Specific thermal capacity of water Cp,H2O can be calculated by the 
modified Sato equation [20] fitted to data of Angell et al. [20] as: - 
୮ǡୌమ୓ሺሻൌͳǤͶ͵ͻͺ െͳǤʹͶ͵ͳ͹ș
଴Ǥ଴ଶെͲǤͳʹͲ͹ș଴Ǥ଴ସ൅ͲǤͳʹͺʹͷș଴Ǥ଴଺
൅ͲǤ͸ʹͻ͵ͶșଵǤ଼൅ͷͺǤͷʹ ͷʹș଼͵ǤͶ 
Where; 
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
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The functions f1(? ) and f2(T) describe the effect of the salt water 
concentration and temperature upon the specific thermal capacitance; they 
are given by [20]: - 
ଵሺȗሻൌͳǤͶͻͺ െͳǤʹͶ͵ͳȗ
ଶെͲǤͳʹͲ͹ȗଷȗ൑ͲǤ͵ͳ
ଵሺȗሻൌͲǤͳʹͺʹͷ൅ͳǤʹͶ͵ͳȗȗ൑ͲǤ͵ͳ
͵Ǥ͸ 
ଶሺሻൌͷͺǤͷʹ ͷʹș
଴Ǥ଴ଶെͳͲͷǤ͸ͶͶ͵ș଴Ǥ଴ସ൅Ͷ͹Ǥ͹ͻͶͺș଴Ǥ଴଺͵Ǥ͹ 
When referred to unit mass of water, the heat of solution is named 
‘differential enthalpy of dilution’ ? hd [20]. Manuel R. Conde [20] 
established an interpolating equation for calculating the differential enthalpy 
of dilution of aqueous lithium chloride solution given by:- 
ǻ݄ௗൌǻୢǡ୭ቈͳ൅൬
ȗ
ͲǤͺͶͷሺͲǤ͸െȗሻ൰
ଵିǤଽ଺ହ
቉
ଶିǤଶ଺ହ
͵Ǥͺ 
Where, ? hd,o is a reference differential enthalpy [20] related to the 
temperature by the following equation: - 
ǻୢǡ୭ൌ͸ͻǤͳͲͷ൅Ͷͷ͹Ǥͺͷ൬

ʹʹͺ
െͳ൰͵Ǥͻ 
Unique advantages of liquid desiccant systems include: - 
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1. Kill bacteria and viruses and clean air of biological contaminants. 
2. Can operate effectively at very low regeneration temperature. 
3. Can connect many process air sections with a single regenerator section 
thereby save installation costs where many air inlets may be scattered 
widely. 
4. Can use low cost cooling media such as water from an evaporative cooler 
to remove sensible heat from the desiccant during the dehumidification 
process. 
Advantages of liquid desiccant systems over solid ones include:- 
1. Much smaller pressure drop through absorber especially for falling film 
and spray tower absorbers. 
2. Possible direct solution heating for regeneration purposes. 
3. Improved dehumidification; absorber temperature can be maintained 
constant by exchanging heat with cooling liquid (water from an 
evaporative cooler). 
4. Involve higher heat and mass transfer coefficients. 
5. Allowing using lower regeneration temperatures. 
6. Lower generator capacity; they allow regenerated solution storage during 
low demand or no demand period. 
7. Easy removal of dirt and other contaminants that clog pores of solid 
systems. 
8. Absorber and regenerator can be adjusted according to convenience. 
9. Easy transportation of liquid desiccant in the dry form. 
Advantages of solid systems over liquid systems include: - 
1. Solid desiccants can dehumidify air to a lower humidity ratio. 
2. Solid systems are more compact compared to liquid systems where large 
absorber and regenerator areas are required. 
3. No desiccant carry-over or crystallization problems. 
4. Solid desiccant isotherms can be manipulated by varying the particle size. 
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.͵Ͷ Liquid Desiccant System Equipment Types 
There are three main types of liquid desiccant gas dehumidifiers (absorbers), 
the packed bed, the falling film and the spray tower type. 
.͵Ͷ.ͳ Packed Bed Absorbers 
A packed bed absorber (Figure 3.1) is a column filled with either random or 
structured packing (rings, lump material, wooden grids, etc.). It consists of a 
column containing supporting grids on which packing layer is placed. The 
liquid desiccant is fed into the packing material by a distributor that 
uniformly distributes the liquid desiccant over the cross section of the 
column. In packed absorbers, the gas and liquid move in counter flow, the 
gas contacts the liquid desiccant mainly on the wetted surface of packing 
over which the liquid desiccant flows. The flow along the packing 
approximates a film flow destroyed from one packing to another. 
Packed bed absorbers are characterized by their large area per unit volume 
for heat and mass transfer and small pressure drop. The disadvantage of 
packed absorbers is the difficulty of removing the heat during the absorption 
process. 
 
 
 
The transfer rate for two-phase flow in a packed bed depends on the 
interfacial area Ai between the liquid flowing down over the absorption 
tower packing and the rising gas. Because interfacial area is difficult to 
measure or compute, experimentally observed rates of transfer are reported 
in terms of volumetric coefficients by defining an interfacial area per unit 
volume of contacting device a. The interfacial area per unit volume in a 
in Gas
Gas
Liquid
in Liquid
out Gas
Packing
Fill   
out Liquid
Figure 3.1 Packed Bed Gas Absorber Tower 
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packed bed gas absorption tower is not the same as the solid packing surface; 
it is a function of the gas and liquid flow conditions, and does not necessarily 
vary in the same way as the convective coefficient [22]. The rate of mass 
transfer per unit volume of tower is given as: - 


ൌ୷ሺ୅െ୅ୱሻൌ୶ሺ୅ୱെ୅ሻ͵ǤͳͲ 
Where, kxa and kya are volumetric liquid- and gas-phase mass transfer 
coefficients, xAs and yAs liquid- and gas-phase equilibrium concentrations, xA 
and yA bulk liquid and gas concentrations, and a the interfacial area per unit 
volume. 
As theoretical methods are usually inadequate, the prediction of mass 
transfer coefficient leans heavily on performance data whenever possible. 
Chung et al [17] developed a correlation for column efficiency using LiCl 
and TEG desiccant solutions for different packing with about 7% average 
error between predicted and experimental data. In terms of Sherwood 
number SHG, a dimensionless correlation for mass transfer coefficient kGa 
for the temperature range 16 ?  240C in a 0.24 m high, 0.15 m equivalent 
diameter LiCl dehumidifier counter-current random packing column is given 
by: - 
ୋൌͳǤ͵ʹ ͳͲିସሺͳെሻ଴Ǥଽସ൬


൰
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For a 0.24 m high, 0.15 m equivalent diameter counter-current structured 
packing column LiCl dehumidifier the dimensionless correlation for the 
temperature range 16 ?  240C is given by: - 
ୋൌ Ǥʹʹʹ ͷͳͲିସሺͳെሻ଴Ǥ଻ହ൬

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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Ranz [22] suggested a method based on flow in a regularly packed bed of 
spheres for solving the problem of convective heat transfer between a fluid 
and a packed bed. The spheres are assumed to be packed in the closest 
possible arrangement called rhombohedra packing (Figure 3.3). The bed 
consists of parallel layers of spheres in planes normal to the direction of 
flow. The spheres in successive layers are directly centred over the orifices 
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formed by openings between the spheres in the previous layer. The spheres 
in any layer are centred directly above those in the third layer below. Hence, 
the centres of any four spheres are at the corners of a tetrahedron. The 
method assumes that the heat transfer coefficient for any sphere in the bed is 
the same as it would be for flow past a single sphere at the velocity through 
one of the orifices between; the jet from any orifice impinges directly on the 
sphere in the next layer. 
 
 
 
Coefficients predicted by Ranz’s method [22] are about 10% higher than 
those correlated using an equation relating the j-factor to the Reynolds 
number for certain Re range from measured data for a bed of randomly 
packed spherical particles [22]. For a packed bed of Np spherical particles 
each of volume vp and surface area ap the spherical particle specific surface 
is defined by ൌ௔೛
௩೛
ൌ଺
஽
 , hence the hydraulic radius rh and the Reynolds 
number Re are given by: - 
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A typical equation representing the results of Bradshaw [22] is: - 
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Figure 3.2 Section through a Packed Bed of Spheres 
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.͵Ͷ.  ʹFalling Film Absorbers 
Air and liquid, in falling film absorbers, come into contact on the surface of 
a flowing liquid film that flows over vertical surfaces represented by tubes or 
plates. There are four types of falling film absorbers; the tubular type in 
which the liquid film flows over the internal surface of a vertical tube, the 
parallel plate (sheet packing) type in which the liquid film flows over both 
surfaces of the vertical plates, the upward movement type in which the liquid 
film moves upward due to gas flow from bottom to top, and the mechanical 
film type in which the liquid film moves along rotating surfaces. 
Mass transfer process is the dominating factor in absorption simultaneous 
heat and mass transfer processes; increase in liquid-vapour contact area and 
induction of turbulence at the liquid-vapour interface can be used to increase 
mass transfer rates. The interfacial area between the liquid and vapour 
phases in conventional falling film absorbers constitutes the surface area of 
the coolant tubes and the surface area of the liquid droplets falling in 
between the coolant tubes; the surface area of droplets will be much smaller 
than that of the coolant tubes. 
Several enhancement techniques have been examined and analyzed to 
improve the performance of a falling film absorber. One technique is to form 
a falling film between the adjacent tubes by operating the falling film in 
sheet mode to increase the liquid-vapour surface area [23]. This method 
requires comparably higher solution flow rates which reduces the effective 
liquid-coolant surface area. Another method employed by Nitin Goel et al 
[23], confined to lower solution flow rates is to wrap a fabric mesh made 
from a material of good wetting characteristics between the horizontal tubes 
over which a liquid film can be easily formed. This concept increases the 
surface area and enhances falling film stability by preventing the coalescence 
of droplets on horizontal tubes. In addition, fabrics have a natural tendency 
to soak up liquid by capillary action; this helps in redistributing the liquid 
solution on the coolant tubes. Furthermore, the liquid flow over an irregular 
surface of the mesh may induce vortices thereby promote mixing of the 
liquid film while it flows alternatively over the mesh/fabric and coolant 
tubes. 
Larger liquid-vapour contact area might lead to an extra amount of 
absorption which will increase the solution temperature. Hence, a larger 
temperature gradient between the coolant and liquid solution that in turn 
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increase the rate of heat transferred to the coolant. Large number of smaller 
diameter cooling tubes (achieving high heat transfer coefficients) can 
considerably increase the cooling surface area per unit volume as compared 
to a small number of larger diameter tubes. A parallel-series arrangement of 
the coolant tubes is usually used to reduce the effect of increase in the 
pressure drop and restrict the flow rate to the appropriate limits. 
Jain et al [24] compared experimental results of falling film tubular 
dehumidifier and falling film plate regenerator with predictions from 
theoretical models; two wetness factors have been defined and estimated to 
account for improper wetting of exchanger surface. 
Nitin Goel, D. Yogi Goswami [23] developed finite difference scheme to 
numerically investigate the performance of a new falling film absorber 
whose design is based on the fundamental characteristics of efficient 
absorber design: large liquid-vapour interfacial area and good wetting 
characteristics. The results indicate that the proposed design is more compact 
and efficient than the horizontal tube-type falling film absorber. 
Ki Bong Lee, et al [25] performed an experimental analysis of falling film 
and bubble modes ammonia–water absorption in a plate-type absorber to 
examine the effects of solution and gas flow rates on the absorber 
performance. They found that the bubble mode is superior to the falling film 
mode for mass transfer performance, more heat was generated in the bubble 
mode and that increase of solution flow rate does not affect the mass transfer 
but improve the heat transfer. 
.͵Ͷ.  ͵Spray Type Absorbers 
Spray type dehumidifiers consist of a chamber or casing containing spray 
nozzles, a tank for collecting falling sprayed liquid desiccant, and eliminator 
section for removing entrained drops of liquid desiccant from the air; 
intimate contact between sprayed liquid desiccant and air causes heat and 
mass transfer between the air and the liquid desiccant. Spray type 
dehumidifiers are divided into three groups; the nozzle spray type which 
consists of a column or chamber in which the gas flows and contact the 
liquid atomized into droplets using nozzles, the high-speed parallel flow 
spray type in which the liquid is atomized using the kinetic energy of a high 
velocity gas stream, and the mechanical spray type in which the liquid is 
atomized using rotating parts. 
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.͵ͷ Evaporative Water Coolers (Cooling Towers) 
A cooling tower is a specialized heat exchanger that uses evaporation to cool 
water. This is accomplished by spraying a flowing mass of hot water into a 
rain-like pattern in a chamber through which an upward moving mass flow 
air is induced by the action of a fan. A portion of the hot water spread out 
will be evaporated in the air stream (absorbing its heat of vaporization from 
the bulk water) and cools the bulk water. A fill (packs of thin corrugated 
plastic sheets or splash bars supported in a grid pattern splashes or a film) is 
usually used to maximize the contact area and time (promote evaporation) by 
forcing the water to cascade through successive elevations of the packs or to 
flow in a thin layer over closely spaced sheets. 
The heat exchanger load and water flow rate determines the difference in 
temperature between water entering and water leaving the tower (the cooling 
range). The difference between the wet-bulb temperature of air leaving the 
tower and air entering the tower (the cooling tower approach) is a function of 
cooling tower capability for a given heat load, flow rate, and entering air 
condition; larger cooling tower have closer approach (colder leaving water 
temperature). 
 
 
 
There are two basic types of cooling towers, direct (open) and indirect 
(closed) [11]. In the direct type cooling tower (Figure 3.4), water is exposed 
directly to the atmosphere. The warm water is sprayed over the fill through 
which air is blown. Heat is removed from the water mainly due to 
evaporation of part of the sprayed water in the air stream; the remaining cold 
water drops into a collection basin from which it is re-circulated to the load. 
Water  upMake -
in Air
Air
Water
in Water
out Air
Fill   
Load
in Air
Figure 3.3 Direct Contact Open Type Evaporative Cooling Tower 
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Indirect contact towers (Figure 3.4) contain two separate fluid circuits [11]; 
an external circuit in which water is exposed to atmospheric air as it cascades 
over the tubes of a coil bundle (internal circuit) through which the fluid to be 
cooled is circulated. As the internal fluid circuit never contacts the 
atmosphere, indirect contact towers can be used to cool fluids other than 
water and to prevent contamination of primary circuit. 
Cooling towers can also be sub-classified according to the type of draft and 
its location relative to the heat transfer medium, the type of heat transfer 
medium, the relative direction of air movement, and the type of water 
distribution system. 
The thermal performance of a cooling tower depends principally on the 
entering air wet-bulb temperature; independently taken dry-bulb temperature 
and relative humidity do affect the rate of water evaporation within the tower 
but have an insignificant effect on tower thermal performance. The entering 
air gains or loses heat (depending on whether the entering air dry-bulb 
temperature is less or greater than the leaving water temperature7), absorbs 
                                                 
 
7 The amount of heat transferred from the water to the air is proportional to the difference between the 
entering and leaving air enthalpies. 
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Figure 3.4 Schematic of an Indirect Cooling Tower 
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moisture and become saturated; at very light water flow rates, the discharge 
air may not be saturated. 
The cooling of air in a cooling tower may be separated into two components, 
a sensible portion and a latent portion. The ratio of latent to sensible heat 
transfer can vary significantly for the same load; the mass transfer (water 
evaporation) is proportional to the change in specific humidity which is 
affected by entering air dry-bulb temperature and relative humidity. 
.͵͸ Solar Heating and Cooling 
.͵͸.ͳ Solar Heating 
The sun is an outstanding source of energy for mankind; it is clean and 
comes to the earth for free (no need to drill and refine it or mine it out of the 
ground). Accounting for the total energy costs over the system life, solar 
energy is free, environmentally friendly and help utilities avoid producing 
greenhouse gases. Solar energy is in the form of electromagnetic radiation 
from the infrared (long) to the ultraviolet (short) wavelengths. The solar 
energy striking the earth's surface at any time depends on weather 
conditions, as well as location and orientation of the surface. 
A typical solar liquid heating system consists basically of a solar collector 
for heating the working fluid, a storage tank for storing the working fluid, a 
heat exchanger in which the working fluid exchanges heat with load and a 
pump for circulating the working fluid (Figure 3.6) [16]. Depending upon 
the overall objective of the model, the system complexity can be increased to 
reflect the actual conditions by including pipe losses, heat exchanger 
effectiveness, etc. 
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Figure 3.5 Schematic of a Forced Circulation Solar Liquid Heater 
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.͵͸.ͳ.ͳ Solar collectors
A solar collector is used to extract the energy of the sun directly into a more 
usable or storable form; it captures (absorbs) the direct radiation as heat 
using a dark colored surface and conducts it 
(especially copper and aluminum) makes a good thermal conductor. High 
performance collectors use a "selective surface" in which the collector 
surface is coated with a material having properties of high absorption and 
low emissivity. The selective surface reduces the heat loss caused by infrared 
radiant emission from the collector to ambient. A solar collector that stores 
heat energy is called a "batch" type system. Other types of solar collectors do 
not store energy but instead 
use or storage in an insulated reservoir. There are basically three types of 
solar collector heaters; the flat
collectors. 
3.6.1.1.1 Flat Plate Solar Collector
Flat Plate collectors (Figure 
containing a dark absorber plate under one or more transparent or translucent 
covers. The heat conducting fluid passes through pipes located below the 
absorber plate; it is heated as it flow
are characterized by their low construction cost and high rate of heating; too 
quick heat rejection, too much heat consumption, and the difficulty of 
heating to high temperatures in cloudy days or winter are the d
Although inferior in many ways to evacuated tube collectors, flat plate 
collectors are still the most common type of collector in many countries.
Figure 
 
to the transfer fluid; metal 
use fluid circulation to transfer the heat for direct 
-plate, evacuated-tub, and concentrating 
 
3.7) comprise of an insulated, weatherproof box 
s through the pipes. Flat plate collectors 
 
3.6 Flat Plate Solar Collector 
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3.6.1.1.2 Evacuated Tube Solar Collector Heaters
Evacuated tube solar heaters 
vacuum tubes (insetting the fluid tank directly) for heat collection, usually 
adopt natural convection for exchanging heat.
Figure 3.7
There are several types of evacuated tubes: Glass
Glass-glass water flow path.
Glass-glass tubes consist of two glass tubes fused together at one end. The 
inner tube is coated with a selective surface that absorbs solar energy but 
inhibits radiative heat loss. Air evacuated from the space between the two 
glass tubes to form a vacuum, which eliminates conductive and convective 
heat loss. These tubes perform ve
low temperatures. 
Glass-metal tubes consist of a single glass tube inside which is a flat or 
curved aluminium plate coated with a selective material attached to a copper 
heat pipe or water flow pipe. Glass
have problems relating to loss of vacuum (their seal is glass to metal). 
Glass-glass - water flow path tubes incorporate a water flow path into the 
tube itself, hence if a tube is damaged water will pour from the collector o
the roof and the collector must be "shut
 
(Figure 3.8), made up of rows of parallel glass 
 
 Evacuated Tube Solar Collector Heater
-glass, Glass
 
ry well in overcast conditions as well as 
-metal tubes are very efficient but can 
-down" until the tube is replaced.
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3.6.1.1.3 Concentrating Solar Collector Heaters
Concentrating collectors 
mirrored surfaces to concentrate the sun's energy on an 
a receiver) that contains the heat
collector is generally used for commercial power production applications 
only because very high temperatures can be achieved. However, it is reliant 
on direct sunlight and therefore does not perform well in overcast conditions.
Figure 
Solar heating systems can be either active or passive. 
an electric pump to circulate the fluid through the collector while a passive 
system has no pump and relies on thermo
The amount of hot fluid produced by a solar liquid heater depends on the 
type and size of the system, the amount of sun available at the site, 
installation angle and orientation. Solar fluid heaters are also characterized as 
open loop (direct) or closed loop (indirect) systems. An open
circulates the fluid through the collec
heat-transfer fluid to collect heat and a heat exchanger to transfer the heat to 
the fluid. A disadvantage of closed looped system is that efficiency is lost 
during the heat exchange process.
Active systems are usually
systems because their storage tanks do not need to be installed above or close 
to the collectors, but more expensive as they use electricity. Passive systems, 
usually mounted on the ground or on the roof,
system without pumps, have few components. This makes passive systems 
 
(Figure 3.9) are usually parabolic troughs that use 
absorber tube (called 
-transfer fluid. A concentrating solar 
3.8 Concentrating Solar Collector 
An active system uses 
-siphoning to circulate the fluid. 
tor while a closed-loop system uses a 
 
 easier to retrofit and more efficient than passive 
 move the fluid through the 
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generally more reliable, easier to maintain, possibly longer lasting and less 
expensive than active systems but less efficient. 
Passive systems can be either simple (batch heater) or sophisticated thermo-
siphon. A batch heater is a system mounted on the ground or on the roof; it 
consists of one or more storage tanks placed in an insulated box having a 
glazed side facing the sun. Thermo-siphon systems rely on warm water 
rising to circulate water through collectors and a tank above the collector are 
reliable, relatively inexpensive but require careful planning in new 
construction because the water tanks are heavy. Solar fluid heaters are also 
characterized as direct heaters circulating fluid through collector or indirect 
circulating an antifreeze mixture through the collector. The amount of hot 
fluid a solar heater produces depends on the type and size of the system, the 
amount of solar radiation available, proper installation, the tilt angle and 
orientation of the collectors. 
.͵͸.  ʹSolar Cooling 
Cooling loads and availability of solar radiation are approximately in phase. 
Solar cooling can be accomplished by three classes of systems: absorption 
cycles, desiccant cycles, and solar mechanical processes coupling solar-
powered Rankine cycle engine with a conventional air conditioning system. 
There are many variations within these classes: using continuous or 
intermittent cycles, hot or cold side energy storage, various control 
strategies, various temperature ranges of operation, different collectors, etc. 
Although combining solar heating with cooling should greatly improve 
collectors use factors compared to heating alone, yet temperature constraints 
in collectors operation limits what can be expected of solar cooling 
processes. 
Solar absorption cooling systems operation takes two approaches: use of 
continuous coolers with energy supplied to the generator from the solar 
collector-storage auxiliary system and use of intermittent coolers whenever 
conditions dictate its need. 
Desiccant cooling systems on the other hand do not actually cool the air. 
Desiccant coolers make air feel cooler by removing moisture from air using 
a desiccant substance that absorbs moisture from air; the drying process 
normally heats the air. Desiccant cooling is usually used in combination with 
evaporative cooling; the dry air with lower wet-bulb temperature 
subsequently passed through an evaporative cooler. When the desiccant 
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becomes saturated, it is regenerated for repeated use by heating to remove 
(evaporate) moisture from the desiccant solution. As a heat driven cycle, 
desiccant cooling affords the opportunity to utilize heat which might 
otherwise be wasted for regenerating the desiccant thereby reduce the peak 
energy demand and make a significant contribution to energy saving. Solar 
desiccant cooling is more economic from the fact that money can be spent on 
equipment, used for 15 to 20 years, utilizing heat from sun the continuing 
free source of energy. 
Aside from being a clean energy source, configuring the desiccant cooling 
system to operate at lower temperatures using solar energy reduces reliance 
on polluting fossil fuels. Additionally, desiccant cooling systems are 
environment friendly as they do not use chlorofluorocarbon (CFC) 
refrigerants. 
K. Gommed and G. Grossman [27], by considering several cycle variations, 
studied a solar powered liquid desiccant cooling system for air-conditioning 
a group of offices in Haifa, Israel. Their parametric study shows that ambient 
air entering conditions significantly affect heat and mass transfer occurring 
during the dehumidification process; heating and cooling water temperatures 
and flow rates and solution flow rate through the dehumidifier and 
regenerator affect the humidity of the delivered air. 
.͵͹ Desiccant Evaporative Cooling Systems 
Despite its potential to reduce cooling electricity use and peak energy 
demand, evaporative cooling is not widely used because of its technical 
barrier, declining cooling capacity achieved with high air humidity/wet-bulb 
temperature. Unless occupants are willing to suffer high humidity, indoor 
comfort and humidity control concerns render direct evaporative cooling 
effective only for cooling in dry climates. Most of the year’s super efficient 
evaporative cooling capacity may be lost just for lack of a few weeks of dry 
air because most consumers tend to select and buy low coefficient of 
performance compression refrigeration cooling systems for comfort cooling 
even in climates that suffer only a few weeks of high humidity. 
Conventional closed cycle absorption chillers require heat source 
temperatures much higher than temperatures of corresponding heat sinks. On 
the other hand, liquid desiccant systems require lower source temperatures; a 
suitable low grade energy technology can help alleviate the problem. As an 
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alternative, liquid desiccant evaporative cooling may be used to provide cool 
water by a direct evaporative cooling cycle. 
Desiccant evaporative air cooling systems take in ambient air, dehumidify it 
with a solid or liquid desiccant, cool it by sensible heat exchange and finally 
maintain the desired state by direct contact (evaporative) cooling. The 
desiccant is regenerated with solar energy. The components used include 
heat exchangers, heat and mass exchangers for dehumidification, and 
evaporative coolers. Both desiccant dehumidification and evaporative 
cooling techniques reduce energy consumption and electricity demand peaks 
as they are direct contact processes (do not require any refrigerant 
compression). Several studies have been conducted regarding desiccant 
evaporative cooling applications. 
Jain et al [28] evaluated various liquid desiccant cycles for air-conditioning 
in hot and humid climates to achieve standard comfort conditions of 
250C/10g/kg in rooms for typical Indian conditions. They found, by 
investigating the effect of various outdoor conditions, heat exchangers and 
evaporative coolers effectiveness on cooling COP and air volume flow rate 
per unit cooling capacity, that the combination of dehumidifier and wet 
surface heat exchanger is better in terms of COP. 
Jain et al [29] carried a mixed integer non-linear design optimization and 
found that liquid systems could be a viable alternative to conventional 
vapour compression refrigeration systems if waste heat is available. 
Jain [30] showed that liquid desiccant systems have long term potential for 
much more energy savings for HVAC applications than solid systems. 
Jain et al [31], after studying experimentally the performance of falling film 
tubular absorber and falling film plate regenerator and compared their results 
with predictions from theoretical models, defined and estimated two wetness 
factors to account for improper exchanger surfaces wetting. 
P. Stabat et al. [32] assessed the feasibility of indirect evaporative cooling 
and desiccant cooling systems based on simulations carried out for different 
climatic zones, different thermal inertia levels, different internal load levels 
and different solar gain levels. They show that indirect evaporative cooling 
can reach comfort conditions in low load buildings; that desiccant cooling 
can take over from indirect evaporative cooling in high load buildings but it 
is inadequate. 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
49 
 
 
 
Elsarrag [17] studied theoretically and experimentally the performance of a 
TEG packed bed absorption tower using a liquid desiccant evaporative 
cooling system developed to provide treated fresh air to residential buildings 
in humid climates. In his experimental model, fresh air is brought into direct 
contact with TEG that dehumidifies air; the dehumidified air leaving then 
enters an indirect evaporative cooler where it is cooled before been admitted 
into direct evaporative cooler. 
Mario Motta et al [33] developed a desiccant evaporative cooling system 
based on dividing a counter-flow air-to-air heat exchanger into sorptive and 
cooling channels physically separated but in thermal contact. The sorptive 
material is fixed on the heat exchanger sorptive channels. The process is 
based on simultaneous sorptive dehumidification and indirect evaporative 
cooling of the air stream. They carried a parametric analysis, based on using 
simplified dynamical model describing the heat and mass transfer processes, 
to assess the system potential and study optimum system’s parameters. Their 
results showed that the system offers the possibility to use low temperature 
heat for air-conditioning; i.e. air treatment can be done without refrigeration 
even under climatic conditions with high humidity values. 
.͵  ͺ Solar Application of Liquid Desiccant Evaporative Cooling 
Application of solar thermal heating, evaporative cooling and desiccant 
drying technologies to convert primary energy into heating or cooling has 
been restricted by the limits of individual technologies in responding to high 
temperatures, high  humidity levels, or harsh economic realities caused by 
seasonal idleness of expensive heating and cooling equipment. 
Solar thermal heating targeted to climates with high heating needs while 
evaporative cooling targeted to dry climates and desiccant cooling to humid 
climates. Despite technological, geographic, and economic differences that 
favour the separate use of individual solar thermal heating, evaporative 
cooling and desiccant dehumidification technologies, studies [34] show that 
there is a potential to draw the best characteristics of each of these super 
efficient technologies into solar-driven liquid desiccant evaporative cooling 
system. Tests of solar thermal tile system8 [34], desiccant dehumidification 
and evaporative cooling technologies indicate that integrated solar desiccant 
                                                 
 
8A mid temperature air heating collector functioning as weather tight roof of a building, a rack solar 
collector mounted on low sloped roofs or ground. 
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evaporative cooling system providing significant space cooling, air/water 
heating and space cooling can be deployed at considerable increased 
coefficient of performance COP and reasonable installation cost. 
Earlier work conducted on solar liquid desiccant evaporative cooling systems 
reveals using solar energy for direct regeneration of aqueous solution in the 
sun in several cases. 
Graham et al [34] used a solar desiccant cooling system to reduce the 
humidity of ambient air isothermally before it enters the grains; ambient air 
is forced through beds of desiccant designed to dissipate the heat of 
absorption to the atmosphere. 
Eberhard et al [35] used well water of 12-140C to cool ceilings and a solar-
driven liquid desiccant system to dehumidify outside air using concentrated 
LiCl-H2O desiccant. The supply air is cooled with cold air from an 
evaporative cooler; the liquid desiccant is regenerated by solar thermal 
energy using a flat plate collector array at 70 to 80°C. 
Shahab et al [36] studied the commercial potential of an open cycle solar/gas 
liquid desiccant indirect evaporative cooler air conditioner using cross-flow 
type plate heat exchanger. The desiccant solution is concentrated by passing 
diluted Lithium chloride water solution through a solar regenerator.  
John Archibald [37] combined a desiccant cooling cycle with a solar air 
heating system to provide solar heating, cooling and hot water for a building. 
The desiccant cooling cycle uses air being cooled using indirect evaporative 
cooling to cool a second stream; air can additionally cooled before being 
delivered to the building using direct evaporative cooling. The regeneration 
heat can be used to provide hot water.  
The author et al. [38] developed a desiccant evaporative cooling system 
based on using air dehumidified in a counter-flow desiccant dehumidifier to 
produce cooling water. In their model, ambient air is pre-cooled in an air-to-
air heat exchanger, and finally cooled in a finned water-to-air sensible coil 
before being admitted to the dehumidifier. The process is based on 
simultaneous desiccant dehumidification and indirect evaporative cooling of 
the air stream. Based on simplified dynamical model, they numerically 
analyzed the heat and mass transfer processes to assess the system potential 
and study optimum system’s parameters. Their results showed that the 
system offers the possibility to use low temperature heat for air-conditioning; 
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i.e. air treatment can be done without refrigeration even under climatic 
conditions with high humidity values. 
The author et al [39] evaluated the feasibility of a solar-operated aqueous 
LiCl evaporative cooling system for providing conditioned air for banana 
ripening and storage in Khartoum (Sudan). In their model, they used an 
evaporative air cooler to cool process air dehumidified in a counter-flow 
desiccant dehumidifier to provide the conditioned air for the cold store. 
Ambient air is first pre-cooled in an air-to-air heat exchanger using return air 
from the cold store and then cooled to the required temperature using a 
finned water-to-air sensible coil using cold water from a cooling tower. The 
temperature of the desiccant solution in the absorber was maintained 
constant by using cold water from a cooling tower. The solution is 
concentrated by passing it through a solar heated regenerator. 
The author et al. [40] studied a radiant air-conditioning system using solar-
driven liquid desiccant evaporative cooling system to provide cold water for 
the hydronic circuit of a radiant air-conditioning system. They show in their 
study that solar-driven liquid desiccant evaporative cooling can be operated 
in humid as well as dry climates. They showed also that solar-operated liquid 
desiccant evaporative cooling reduces air-conditioning peak electrical 
demands as compared to vapour compression systems. 
.͵ͻ Concluding Remarks 
Based on the literature survey, it can be concluded that solar-driven liquid 
desiccant evaporative cooling has the ability to provide efficient environment 
control while at the same time reduce air-conditioning electrical energy 
requirements. The literature review of solar-driven liquid desiccant 
evaporative cooling presented design tools (simulation models) for 
modelling desiccant systems which show that desiccant systems have the 
ability to provide efficient control of process air humidity and temperature 
while at the same time reduce the air-conditioning system electrical energy 
requirements. 
The literature review regarding application of solar-driven liquid desiccant 
evaporative cooling reveals that such system can efficiently provide cold 
water for air-conditioning purposes, especially radiant system applications in 
which condensation is a problem. However, literature review of solar driven 
liquid desiccant application reveals a number of advantages of solar-driven 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
52 
 
 
 
liquid desiccant evaporative water cooling over conventional absorption or 
compressive chilling cycles: - 
1. Pressure sealed units are avoided as the whole system operates at 
atmospheric pressure. 
2. Greater flexibility as water evaporation process in the regenerator is 
independent from dehumidification in the dehumidifier. 
3. The system can operate efficiently with very low temperature regeneration 
energy allowing efficient utilization of low heat source temperatures. 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
53 
 
 
 
CHAPTER FOUR 
4 SOLAR-DRIVEN LIQUID DESICCANT EVAPORATIVE 
COOLING SYSTEM NUMERICAL SIMULATION 
Ͷ.ͳ Preamble 
Numerical simulations consist of: 1/representing physical systems by 
mathematical models whose equations can be solved with the help of modern 
computing and 2/performing numerical experiments to provide accurate 
views of the physical system evolution under various conditions. 
Numerical simulations are used to complement real (and expensive) 
experiments by computer calculations which provide exhaustive information 
at a low cost. As they provide an image of the real process, numerical 
simulations can easily investigate the effect of any kind of process change 
(geometry, materials and operating conditions) on the product quality. 
Numerical simulation is very useful or indispensable when experiments are 
too expensive or unavailable. For instance, it is experimentally difficult to 
study the effect of changing one parameter (e.g. salt-water solution 
concentration, solution mass flow rate, process air mass flow rate, or water 
mass flow rate) on the performance of the solar-operated liquid desiccant 
evaporative cooling system while keeping all other parameters unaltered. 
The difficulty arises because different system sizes are required for each set 
of experiments and each experiment requires a procedure to estimate the 
system variables (process air, solution and water mass flow rates, etc.). As a 
result, experimental tests are expensive and time consuming. 
The numerical simulation is the best way to achieve the best system 
configuration, study of new processes, and understanding how existing 
systems function and might be improved. They are relatively quick, 
inexpensive and can produce information on effect of design variable 
changes on system performance by series of calculations using the same 
loads and weather. As uniquely suited to parametric studies, numerical 
simulations offer the designer the capability to explore the effects of design 
variables on long-term system performance, and opportunity to evaluate 
effects of system configuration and alternative system concepts. They have 
the advantage that the weather used to derive them is reproducible; this 
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allows carrying parametric and configuration studies without uncertainties of 
variable weather. 
Simulation programs fall into two general categories: specific purpose 
programs, and general-purpose programs. Specific purpose programs 
representing the performance of specific types of systems are easy to use but 
not flexible; they combine components equations algebraically to simplify 
computations. General-purpose programs are more flexible but more difficult 
to use; they solve separate components equations simultaneously can be 
applied to a wide range of systems. 
Figure 4.1 summarizes the work scheme of the numerical analysis 
documented in this research. The figure shows that the work scheme 
incorporates two phases: model validation and parametric study.  
 
 
To validate the model, Mat Lab was supplied with air-side and liquid-side 
(salt-water solution) entering conditions and mass flow rates, and the 
desiccant cooling system configuration as inputs. Consequently, the model is 
validated by running the numerical experiments under the operating inlet 
conditions of the system. 
rate flow mass   
 and conditions  
entering Solution
Validation Model alMathematic          
System cooling eEvaporativDesiccant  Liquid
rate flow mass solution and ionConcentrat
Solutionwater -Salt in Study Parametric 
Program LabMat 
program LabMat 
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cooling eEvaporativ
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Figure 4.1 Summary of Work Scheme 
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The parametric study is conducted to investigate the effect of the salt-water 
solution concentration and solution mass flow rate on the performance of the 
solar-operated liquid desiccant evaporative cooling system while keeping 
process air entering conditions and mass flow rate, and all other parameters 
fixed. This is done by providing Mat Lab with the salt-water solution 
concentration and mass flow rate, performing the numerical simulations and 
finally analyzing the results of the parametric study. 
This chapter discusses the procedure conducted to numerically simulate the 
solar-operated liquid desiccant evaporative cooling system used to provide 
cold water and cool dry ventilation air for a radiant cooling system. Chapter 
5 discusses the numerical analysis conducted to study the performance of the 
solar-operated liquid desiccant evaporative cooling system in providing cold 
water for radiant air-conditioning. This chapter is conducted towards 
developing a mathematical model for the solar-operated liquid desiccant 
evaporative cooling system. The modeling process constitutes presenting the 
sets of equations governing heat and mass transfer for the different system’s 
components. 
Chapter four begins by describing the solar-operated liquid desiccant 
evaporative cooling system used (the problem under investigation) and 
continues with presenting the sets of equations governing heat and mass 
transfer processes for the different components. The chapter gives a detailed 
description of the approach used to present each component model, 
discussing the modelling procedure and the assumptions considered to 
simplify the analysis. 
Ͷ.  ʹ The Solar-operated Liquid Desiccant Evaporative Cooling 
System Description 
Figure 4.2 shows a schematic of the liquid desiccant evaporative cooling 
system designed to serve as an open cycle absorption system operating with 
solar energy. 
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The system consists of nine major components: air-to-air plate heat 
exchanger (process air pre-cooler), finned water-to-air sensible cooling coil 
(air cooler), isothermal falling film absorber, shell-and-tube solution-to-
solution heat exchanger (solution pre-cooler/pre-heater), shell-and-tube 
water-to-solution heat exchanger (solution cooler), shell-and-tube solution-
to-thermal fluid heat exchanger (solution heater), solar collector thermal 
fluid heater, isothermal falling film regenerator, counter-flow packed bed 
type evaporative water cooler and appropriate instruments for various 
measurements. Arabic numerals indicate working fluids states at specific 
locations; thick solid lines represent air flow, thin solid lines salt-water 
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Figure 4.2 Schematic of Solar-driven Liquid Desiccant Evaporative Water Cooler 
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solution, thick dashed lines thermal fluid and thin dashed lines represent 
water flow respectively. 
The liquid desiccant system is connected in a flow arrangement allowing 
both concentrated salt-water solution and thermal fluid storage and capacity 
to work in manual mode for testing system individual components or 
automatic mode for system full operation. In the automatic mode, all system 
components, including the thermal fluid storage system, operate. 
In the full automatic mode, salt-water solution pump1 supply the absorber 
with solution from the absorber pool to a distributing system located at the 
top of the absorber chamber. The pumped salt-water solution then trickles 
down in counter flow to process air and collects in the absorber sump. The 
process air is drawn by a fan through an air-to-air plate heat exchanger where 
it is pre-cooled to state 2  and then through the finned water-to-air sensible 
cooling coil where it is cooled to state 3  before entering the absorber 
chamber. In the absorber, water vapour is removed from the process air 
entering the bottom of the absorber (state 3 ) by being absorbed into the 
absorbent solution. The temperature of the salt-water solution is maintained 
constant by circulating cold water (from the cooling tower) through the 
water-to-solution heat exchanger enclosed within the absorber chamber. Part 
of the dehumidified air leaving the absorber (state 4 ) may be  taken to 
facilitate ventilation purposes; the remainder is passed to the evaporative 
cooler and brought into direct contact with sprayed water. 
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Figure 4.3 shows the psychrometric cycle of process air flowing through the 
solar-driven liquid desiccant evaporative cooling system employed solely to 
provide cold water for a radiant system. Lines 1-2, 2-3 represent the path of 
the process air through the air-to-air heat exchanger and finned water-to-
water sensible cooling coil, line 3-4 the path through the absorber and line 4-
5 the pass through the evaporative water cooler. 
To maintain the liquid desiccant at the proper concentration for moisture 
removal, pump2 pumps a controlled amount of salt-water solution from the 
absorber sump (state 10 ) through the solution-to-solution heat exchanger 
where it is pre-heated to state 11 by recovering heat from the hot solution 
leaving the regenerator. The pre-heated solution is then pumped through the 
thermal fluid-to-solution heat exchanger where it is heated to the required 
regeneration temperature (state 12) and pumped to the regenerator 
distribution. In the regenerator, the hot solution trickles down the regenerator 
distribution system in counter flow to ambient air entering at the bottom of 
the regenerator. The vapour-pressure difference between the ambient air and 
the hot solution causes ambient air to absorb water vapour from the solution 
(i.e. re-concentrate the solution to state 13). The hot air is then discharges to 
the atmosphere while the re-concentrated solution collects in the regenerator 
sump. 
 Pump3 pumps the re-concentrated solution (state 13) through the solution-
to-solution heat exchanger where it is pre-cooled by exchanging heat with 
the cold solution leaving the absorber sump. The pre-cooled solution is 
pumped to the absorber pump and mixed the diluted solution to the required 
concentration. The re-concentrated solution is then pumped through the 
water-to-solution heat exchanger where it is cooled to the required 
temperature (state 9) by exchanging heat with water from the evaporative 
water cooler and supplied to the absorber distribution system. 
In the solar heating mode, thermal fluid pump4 circulates hot thermal fluid 
from hot thermal fluid storage tank through the thermal fluid-to-solution heat 
exchanger. The thermal fluid leaving the thermal fluid-to-solution heat 
exchanger is mixed with a controlled amount of thermal fluid from the cold 
thermal fluid storage tank and pumped to the solar collector heater where it 
is re-heated and stored in the thermal fluid hot storage tank again. Pump5 
circulates hot thermal fluid, during off solar radiation period, from hot 
thermal fluid storage tank through the thermal fluid-to-salt water solution 
heat exchanger to the cold thermal fluid storage tank where it is stored. 
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The regenerator is similar to the absorber, and so are the flow system and 
associated components. The regeneration side of the system will shut down 
if the thermal fluid storage tank cannot supply thermal fluid at sufficiently 
high temperature or if the salt-water solution concentration in the absorber 
pool rises above a set limit. An auxiliary heat (not shown) can be used to 
provide heating when the hot thermal fluid temperature drops below a 
prescribed value. 
Ͷ.  ͵ The Liquid Desiccant Evaporative Cooling Modelling 
Studies conducted to model liquid-desiccant systems performance are 
limited to specific equipment. The simulation model should have the 
characteristics of speed and accuracy, and must be based upon tangible 
parameters such as component size and mass flow rates. The K-factor model 
[41] suggested by Kathabar Engineering (manufacturer of liquid desiccant 
systems) was based on two assumptions: 1/ the leaving air humidity ratio is 
equal to the humidity ratio in equilibrium with the solution at its inlet 
concentration and air inlet temperature and 2/ the temperature difference 
between the leaving air and the entering solution is proportional to the 
enthalpy change of the air stream. The constant of proportionality (K-factor) 
is determined experimentally and depends on the component size and mass 
flow rates. The main disadvantage of the K-factor model is that the 
relationship between the K-factor and any tangible parameter is unknown; 
the model is good for specific system simulations at constant conditions. 
The objective of this chapter is to develop a program for simulating the 
performance of a solar-driven liquid desiccant evaporative cooling system 
whose purpose is to provide cold water as well as cool dry ventilation air for 
a poultry enclosure employing radiant air-conditioning system. The model 
shall imply predicting the system cooling capacity and energy requirements 
for any given physical dimensions of components and various streams mass 
flow rates. To achieve this, the simulation program evaluates the operating 
conditions (solution concentration, process air temperature and humidity 
ratio, etc.) at each point such that mass and energy balance equations for the 
whole system are satisfied along with the performance characteristics of the 
individual components. Property sub-programs serve to provide 
thermodynamic properties of the different working fluids. 
To show the potential of solar-driven liquid desiccant evaporative cooling as 
alternative cooling strategy in providing cold water at reduced primary 
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energy consumption, the investigation considers poultry enclosure in 
Khartoum (central Sudan). The section starts by describing the main 
simulation program body, followed by detailing components sub-programs 
called within the main program, a thorough description of methods used for 
each component sub-program, a summary of the simulation methodology, 
and concluded by a solution flow chart. 
Ͷ.Ͷ The Main Program Body 
A Mat Lab program is used to simulate the solar-driven liquid desiccant 
evaporative cooling system simulation; Figure 4.4 shows the flow chart 
organization of the main program. The program calls five sub-programs 
during its execution. These include heat exchangers sub-programs, absorber 
sub-program, regenerator sub-program, and evaporative water cooler sub-
program. The study presents a separate simulation program for the solar 
collector heater. 
As detailed in the flow chart, the simulation program starts by guessing a 
value for the temperature of cooling air entering the plate heat exchanger 
then calls the air-to-air plate heat exchanger sub-program (section 4.4.1) to 
determine conditions of process air leaving the exchanger and the heat duty. 
Next, the program guesses a value for the cooling water temperature entering 
the sensible coil and calls the finned water-to-air sensible coil sub-program 
(section 4.4.2) to determine the conditions of process air leaving the sensible 
coil and heat duty using air-to-air plate heat exchangers output. 
Next, the program calls the absorber sub-program (section 4.5) to evaluate 
absorber operating conditions (process air leaving temperature, salt water 
solution leaving concentration and cooling duty) using finned water-to-air 
sensible coil sub-program outputs and entering solution parameters. 
Next, the program calls the evaporative water cooler sub-program (4.6) to 
determine water and air leaving conditions using absorber sub-program 
outputs and conditions of entering water. 
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Flow Chart 
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The simulation program checks the evaporative cooler output (air and 
leaving water temperatures) with the assumed temperatures of cooling air 
and water entering the air-to-air plate heat exchanger and finned water-to-air 
sensible coil. If they match within a certain tolerance, the desired conditions 
have been achieved otherwise new assumptions are generated until 
convergence occurs. 
The program then saves its outputs (cooling air and water temperatures and 
mass flow rates, conditions of process air and salt-water solution leaving the 
absorber, finned water-to-air and absorber cooling duties).  
Next, the program assumes a value for the temperature of the entering hot 
solution and calls the solution-to-solution shell-and-tube heat exchanger sub-
program (section 4.7) to determine the temperature of the solution leaving 
the exchanger. The program then calls the thermal fluid-to-solution shell-
and-tube exchanger sub-program to determine the temperature by which the 
solution enters the regenerator and the heating duty using solution-to-
solution exchanger output. 
Next, the program calls the regenerator sub-program (section 4.8) to 
determine the temperature and concentration of the solution leaving the 
regenerator using thermal fluid-to-solution exchanger output and ambient air 
entering conditions. The simulation program checks the temperature of the 
solution leaving the regenerator with the assumed temperature entering the 
solution-to-solution shell-and-tube heat exchanger. If they match within a 
certain tolerance, the desired conditions have been achieved otherwise new 
assumptions are generated until convergence occurs. 
The program ends the regenerator sub-program saves heat exchangers 
(solution-to-solution and thermal fluid-to solution heat exchangers) and 
regenerator outputs and ends the simulation. 
Ͷ.ͷ Heat Exchangers Modelling 
There are five heat exchangers in the system configuration selected for this 
study: one air-to-air plate exchanger and one finned water-to-air sensible coil 
in the process air circuit, one solution-to-solution heat exchanger, one water-
to-solution heat exchanger, and one thermal fluid-to-solution heat exchanger 
in the absorber-regenerator circuit. Solution-to-solution, water-to-solution 
and thermal fluid-to-solution heat exchangers are of the shell-and-tube type 
in which the hot solution flows inside the inner tubes while the cold 
solution/water flows through the annulus. 
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The goal of heat exchanger modelling is to relate the inlet and outlet 
temperatures, the overall heat transfer coefficient, and the heat exchanger 
geometry to the rate of heat transfer between the two fluids. There are two 
approaches of heat exchanger design, the logarithmic mean temperature 
difference LMTD  method and the effectiveness – number of transfer unit’s 
NTU-e  method [42]; each has its particular advantages. Either performance 
analysis method could be used interchangeably depending upon the nature of 
the problem. The logarithmic mean temperature difference uses energy 
conservation to relate heat transfer rate and overall heat transfer coefficient. 
The heat exchanger effectiveness e  is defined as the ratio of the actual heat 
transfer rate to the maximum possible heat transfer rate: - 
ɂൌ
ሶ
ሶ୫ୟ୶
ͶǤͳ 
Assume no leakage flow, no heat loss and no phase change, the enthalpy 
difference across the supply and exhaust streams are equal; the heat transfer 
can be expressed by: - 
ሶൌሶ୦൫୦ǡଶെ୦ǡଵ൯ൌሶୡ൫ୡǡଵെୡǡଶ൯ͶǤʹ 
Where, C h = ? hCh and C c = ? cCc are the hot and cold fluids capacity flows; 
? h, ? c, and Ch, Cc being the hot and cold fluids mass flow rate and specific 
heat respectively. 
The maximum heat transfer rate occurs in a counter flow heat exchanger 
having infinite surface area; it is given by the product of the smaller capacity 
flow C min and inlet temperature difference (Th,1 – Tc,1) [42]: - 
ሶ୫ୟ୶ൌሶ୫୧୬൫୦ǡଵെୡǡଵ൯ͶǤ͵ 
Substituting equation 4.2 and 4.3 into equation 4.1, the exchanger heat 
transfer effectiveness can be computed as: - 
ߝൌ
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The heat transfer for a parallel flow heat exchanger can be expressed in 
terms of an overall heat transfer coefficient U by: - 
ሶൌǻ୫ͶǤͷ 
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Where, A is the heat transfer area consistent with the definition of the overall 
heat transfer coefficient, and ? Tm is the log mean temperature difference 
LMTD given by: - 
ǻ୫ൌ
൫୦ǡଶെୡǡଶ൯െ൫୦ǡଵെୡǡଵ൯

൫୦ǡଶെୡǡଶ൯
൫୦ǡଵെୡǡଵ൯
ͶǤ͸ 
Heat transfer for heat exchangers other than the double pipe type is 
calculated by using a correction factor applied to the LMTD for a counter-
flow arrangement with the same hot and cold fluid temperatures: - 
ൌ	ǻ୫ͶǤ͹ 
Consider the parallel flow heat exchanger shown in figure 4.5, the heat 
transferred through an element of area dA may be written as [42]: - 
ൌെሶ୦୦୦ൌሶୡୡୡͶǤͺ 
Where, ? h, ? c, Ch, and Cc represent the hot and cold fluids mass flow rates 
and specific heats respectively. 
 
 
The heat transferred could also be expressed as: - 
ൌൌെሺ୦െୡሻͶǤͻ 
From equations 4.8 and 4.9: - 
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Figure 4.5 Parallel- and Counter-flow Double Pipe Exchanger Temperature Profile 
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Thus: - 
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Where, C h and C c are the hot and cold fluid heat capacity rates. 
Integrating equation 4.12 between conditions 1 and 2 yields: - 
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Where, ൌେ
ሶౙ
େሶ౞
 is the capacity rate ratio. 
The effectiveness e can also be calculated as a function of the NTU value, 
the capacity ratio Z and the heat exchanger flow configuration [42]. 
Depending on the mass flow rates and specific heats, the minimum fluid 
capacity rate C min may be either the hot or cold fluid. Assume the cold fluid 
has the minimum flow capacity, then for a parallel flow heat exchanger: - 
()Tj
ET
Q
q
150.24 149.8498 3.48 13.44 re
W n
BT
/F10 16.1172 Tf
0.6275 0 0 1 150.24 153.3298 Tm 16.1172 TL
()
()Tj
/F10 16.1172 Tf
0.6275 0 0 1 150.36 138.3298 Tm ()(4.14)                                                                                             TT
TT
 
1 c,1 h,
1 c,2 c,
-
-
=e  
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From equation 4.2: - 
()Tj
/F10 16.5156 Tf
0.6125 0 0 1 203.64 654.4498 Tm ()()Tj
/F10 13.8516 Tf
0.7302 0 0 1 406.44 654.4498 Tm ()4.15                                                                   TTZ-TT
Z
Cm
Cm
TT
TT
1 ,c2 ,c1 ,h2 ,h
hh
.
cc
.
1 ,c2 ,c
2 ,h1 ,h
-=
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()Tj
/F10 16.4492 Tf
0.6149 0 0 1 232.68 705.2097 Tm ()
()Tj
/F10 16.4492 Tf
0.6149 0 0 1 174.36 670.5297 Tm ()
()Tj
/F10 16.4492 Tf
0.6149 0 0 1 277.8 640.5297 Tm ()(4.21)                                          TT
C
CT
C
QTT
(4. 0)                                                                                TTCQ
(4.19)                                                          TT
C
CTT
in 1,out 1,
2
.
1
.
in 2,
2
.
.
in 2,out 2,
in 1,out 1,1
..
in 1,in 2,
1
.
min
.
in 1,out 1,
--=-=
-=
-e+=
 
Ͷ.ͷ.ͳ Air-to-Air Plate Heat Exchanger Modelling 
Plate heat exchangers consist of a series of thin corrugated formed metal 
plates; each pair of plates forms a complex passage in which the fluid flows. 
Each pair of plates are then stacked together to form a sandwich type 
construction in which the second fluid flows in the spaces formed between 
successive pairs of plates. Plate heat exchangers provide for a compact and 
lightweight heat transfer surface; hence high heat transfer coefficients along 
with strong eddy formation which helps minimize fouling as a result of the 
small plate spacing and corrugated design. 
This thesis employs the model developed by Michael Wetter [43] that uses 
dimensionless variation of heat transfers based on design conditions to 
simulate the steady-state behaviour of a plate air-to-air heat exchanger. The 
method takes into account the dependence of the convective heat transfer 
coefficient on the mass flow and temperature variations, and calculates 
design heat transfer coefficients based on design boundary conditions (inlet 
mass flows and temperatures and supply air outlet temperature). The method 
do the numerical solution only once during the whole simulation; iteration is 
only required during the model initialization if the model is used as a cross 
flow heat exchanger with both streams unmixed. 
The algorithm is based on only those data that are known in the HVAC 
system design; no geometrical data for the heat exchanger are required. The 
model sets the ratio between the heat transfers on both sides of the 
exchanger, calculated as a function of the mass flow and temperature, as a 
parameter. The model allows different mass flows on each side of the heat 
exchanger and a variation of the mass flow over time. Assume the metal 
thermal resistance is small compared to the two convective heat exchanges; 
the resistance of the two convective heat exchanges denominate the overall 
coefficient of heat transfer from fluid to fluid for an air-to-air plate heat 
exchanger. Hence: - 
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()Tj
/F10 13.8984 Tf
0.7252 0 0 1 405 712.4097 Tm ()4.22                                                                          
hA
1
hA
1
1AU
21
aver
÷
ø
ö
ç
è
æ+÷
ø
ö
ç
è
æ
=  
Defining the design point convective transfer coefficient-area product ratio 
()Tj
ET
Q
q
122.04 650.3698 3.6 12.6 re
W* n
BT
/F10 13.5234 Tf
0.7571 0 0 1 122.16 653.3698 Tm 13.5234 TL
()
()Tj
/F10 13.5234 Tf
0.7571 0 0 1 121.8 637.8898 Tm ()o ,2
o ,1
hA
hA
r =  and using equation 4.22, the design point convective transfer 
coefficient-area products ()Tj
ET
Q
q
247.68 615.8098 3.36 12.72 re
W* n
BT
/F10 13.7344 Tf
0.7164 0 0 1 247.68 618.8098 Tm 13.7344 TL
()ohA will be given by: - 
()Tj
ET
Q
q
106.8 593.8497 3.48 13.68 re
W* n
BT
/F10 14.0469 Tf
0.7186 0 0 1 106.8 596.9697 Tm 14.0469 TL
()()Tj ET
Q
q
153.96 593. 497 3.48 13.68 re W* n
BT
/F10 14. 469 Tf
0.7 86 0 0 1 153. 6 596.9697 Tm 14.0469 TL
()() j
ET Q
q
189.6 593.8497 3.48 13.68 re
W* n BT
/F 0 1 .2734 Tf
0.7 74 0 0 1 189.6 596 697 m 14.2734 TL
()
()Tj
/F10 14.0469 Tf
0.7186 0 0 1 105.12 576.9297 Tm ()()Tj
/F10 14.0469 Tf
0.7186 0 0 1 153.84 583.4097 Tm ()()Tj
/F10 14.2734 Tf
0.7074 0 0 1 191.28 576.9297 Tm ()()Tj
/F10 14.0469 Tf
0.7186 0 0 1 403.92 584.2498 Tm ()4.23                                                                      AU
r
1rhA
AU1rhA
oavero ,2
oavero ,1
+
=
+=
 
The convective heat transfer coefficients are a function of the air velocity. 
Wetter [43] approximates the forced convection heat transfer coefficient for 
the air velocity range m/sec 30  m/sec 5 ®  by: - 
 ()Tj
ET
Q
q
406.32 491.6098 3.48 14.76 re
W* n
BT
/F10 13.7773 Tf
0.7339 0 0 1 406.32 494.6098 Tm 13.7773 TL
()4.24                                                                                                  v2.7h 78.0=  
Since mass velocity is the fundamental variable in forced convection 
equations, the velocity must be corrected according to the ideal gas law for 
temperatures away from room temperature. For an ideal gas, the velocity 
along the heat exchanger can be expressed in terms of flow cross sectional 
area flowA , the pressure P , and the absolute temperature 15.273TTabs +=  by 
PA
RTm
A
mv
flow
abs
.
flow
.
=
r
= . Hence the convective heat transfer coefficient h  can be 
written as: - 
()Tj
/F10 13.8438 Tf
0.7304 0 0 1 412.68 314.1298 Tm ()4.25                                                                                      
PA
RTm2.7h
78.0
flow
abs
.
÷
÷
÷
ø
ö
ç
ç
ç
è
æ
=  
Using equation 4.25, the overall heat transfer coefficient-area product ()Tj
ET
Q
q
513.72 272.1298 3.48 12.72 re
W* n
BT
/F10 13.7344 Tf
0.7309 0 0 1 513.72 275.1298 Tm 13.7344 TL
()ihA  
can be expressed as: - 
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()Tj
/F10 13.7539 Tf
0.736 0 0 1 105.24 701.6097 Tm ()
()Tj
/F10 13.7539 Tf
0.736 0 0 1 108.6 655.6497 Tm ()
()Tj
/F10 13.7539 Tf
0.736 0 0 1 408.48 679.5297 Tm ()
()Tj
/F10 13.7539 Tf
0.736 0 0 1 118.2 603.0897 Tm ()
()Tj
/F10 13.7539 Tf
0.736 0 0 1 114.84 588.8098 Tm ()()Tj
/F10 13.7539 Tf
0.736 0 0 1 408.12 596.3698 Tm ()4.27                                                                      
Tm
Tm
hA
hA
4.26                                                                      
PA
RTmA2.7hA
PA
RTmA2.7hA
78.0
o ,i
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.
i
abs
.
o ,i
i
0.78
i
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.
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0.78
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If i
.
m  and iT  denote the effective mass flow rates and temperatures, and ()Tj
ET
Q
q
512.8799 708.5698 3.36 12.72 re
W* n
BT
/F10 13.7031 Tf
0.718 0 0 1 512.8799 711.5698 Tm 13.7031 TL
()ihA  
denote the corresponding  ()Tj
ET
Q
q
253.2 690.5698 3.36 13.2 re
W* n
BT
/F10 14.2031 Tf
0.6901 0 0 1 253.2 693.6898 Tm 14.2031 TL
()hA  value of the heat exchanger; we get: - 
()Tj
/F10 13.7109 Tf
0.7361 0 0 1 109.44 651.4498 Tm ()
()Tj
/F10 13.7109 Tf
0.7361 0 0 1 106.08 637.2897 Tm ()()Tj
/F10 13.7109 Tf
0.7361 0 0 1 403.32 644.8497 Tm ()4.30                                                                        
Tm
Tm
hA
hA
78.0
o ,i
abs
.
i
abs
.
o ,i
i
÷
÷
÷
÷
÷
ø
ö
ç
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ç
ç
ç
è
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ø
ö
çç
è
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÷÷
ø
ö
çç
è
æ
=  
Solving equation 4.30 for ()Tj
ET
Q
q
267.12 591.9297 3.36 12.84 re
W* n
BT
/F10 13.7773 Tf
0.7177 0 0 1 267.12 594.9297 Tm 13.7773 TL
()o ,ihA , insert the result into the definition of 
convective transfer coefficient-exchanger area product r  and using equation 
4.29 yields: - 
()Tj
/F10 13.7109 Tf
0.7362 0 0 1 403.8 512.0098 Tm ()4.31                                                                                   
Tm
Tm
r
78.0
o ,i
abs
.
i
abs
.
÷
÷
÷
÷
÷
ø
ö
ç
ç
ç
ç
ç
è
æ
÷÷
ø
ö
çç
è
æ
÷÷
ø
ö
çç
è
æ
=  
Hence, all the variables needed to calculate the heat exchanger outlet 
conditions and cooling duty are known; Figure 4.6 shows the air-to-air plate 
heat exchanger solution flow chart. 
 
program-subStart 
parametersexchanger air -to-air Define
product  areaexchanger -tcoefficientransfer point  design Calculate
program-subexchanger heat  plateair -to-air of End
esseffectivenpoint  designexchanger heat  Determine
prpertiespoint  designexchanger heat  Determine
outputsexchanger heat  Calculate
unitstransfer  ofnumber point  designexchanger heat  Determine
ratioproduct  areaexchanger -tcoefficientransfer  Calculate
product areaexchanger -tcoefficientransfer  convective overall Calculate
esseffectivenexchanger heat  Determine
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As shown in Figure 4.6, the simulation program starts by defining air-to-air 
plate heat exchanger parameters. These include design point temperature of 
and mass flow rate of process air entering the exchanger, design point 
temperature and mass flow rate of cooling air entering the exchanger, design 
point temperature of process air leaving the exchanger, and effective mass 
flow rates and temperatures of process and cooling air entering the 
exchanger. The following summarizes the solution method: - 
1. Guess a value for temperature of cooling air entering the exchanger Tc,in. 
2. Determine design point mass flow rate and properties of process air. 
3. Determine the design point effectiveness e o using equation 4.4. 
5. Model the design point NTU using equation 4.19. 
6. Determine the design point NTU using the modified false position method 
[45] described in Appendix D. 
7. Calculate the design point transfer coefficient-area product (UaverA). 
8. Calculate the design point transfer coefficient-exchange area product ratio 
r using equation 4.32. 
9. Calculate the overall transfer coefficient-exchanger area product UaverA 
using equation 4.29. 
10. Determine the heat exchanger effectiveness e using equation 4.17. 
11. Calculate process air and cooling air leaving temperatures Ta,out and Tc,out 
using equations 4.20 and 4.22 respectively. 
12. Calculate heat exchanger cooling duty using equation 4.21. 
Ͷ.ͷ.  ʹFinned Water-to-Air Sensible Coil Modelling 
Finned coils having dense arrays of finned tubes (termed compact heat 
exchangers) are special type of heat exchangers used to achieve a very large 
heat transfer area per unit volume. They are typically used when at least one 
of the fluids is gas; hence it is characterized by small convection coefficient. 
Heat transfer results are correlated in terms of Colburn factor ௎݆ൌ ܵܲݐݎ
మ
య 
and the Reynolds number; both Stanton number ܵݐൌ ௛
஼ீ೛
 and Reynolds 
Figure 4.6 Air-to-Air Plate Heat Exchanger Simulation Flow Chart 
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number ܴ݁ ൌ ஽ீ೓
ఓ
 are based on the maximum mass velocity ܩൌܸߩ௠௔௦௦ൌ
ఘ௩஺೑ೝ
஺೑೑
ൌ ௠ሶ
஺೑೑
ൌ ௠ሶ
ఙ஺೑ೝ
. The quantity s  represents the minimum free flow area of 
the finned passages (cross-sectional area perpendicular to the flow direction) 
ܣ௙௙ to the frontal area of the exchanger ܣ௙௥. Values of s , the hydraulic 
diameter of the flow passage ܦ௛, the heat transfer surface area per total 
exchanger volume a , the ratio of fin to total transfer surface area ஺೑
஺
, and 
other geometrical parameters are listed for each configurations. The ratio ஺೑
஺
 
is used to evaluate the temperature effectiveness, a  used to determine the 
required heat exchanger volume after finding the total heat transfer surface 
area.  
This thesis use the model developed by Michael Wetter [44] which uses 
dimensionless variation of heat transfers based on design conditions to 
simulate the steady-state behaviour of a finned water-to-air heat coil without 
condensation. Similar to the air-to-air plate heat exchanger, the resistance of 
the two convective heat exchanges denominate the overall coefficient of heat 
transfer from fluid to fluid in a finned water-to-air heat exchanger (the metal 
thermal resistance is small compared to the two convective heat exchanges); 
hence: - 
()Tj
/F10 14.0469 Tf
0.7186 0 0 1 404.4 362.1298 Tm ()4.32                                                                   
hA
1
hA
1AU
-1
aw
aver
ú
ú
û
ù
ê
ê
ë
é
÷
ø
ö
ç
è
æ+÷
ø
ö
ç
è
æ=
*
 
Where, ቀଵ
௛஺
ቁ
௔
כ
 represents the thermal resistance from the air-side pipe surface 
to the air. It consists of the thermal resistance of the fin and the convective 
heat transfer from the fin surface to the air ቀଵ
௎஺
ቁ
௙௜௡
, and the thermal 
resistance from the pipe surface to the air  ቀଵ
௎஺
ቁ
௔
. 
In the steady state, the heat transfer between fin root and air is given by: - 
()Tj
ET
Q
q
123.84 194.0098 3.48 15.72 re
W n
BT
/F10 13.7188 Tf
0.7371 0 0 1 123.84 197.0098 Tm 13.7188 TL
()() j
ET Q
q
165.8  194.0098 3.48 15.72 re W n
BT
/F10 3.9336 Tf
0.7256 0 0 1 165.84 197.0098 Tm 3.9336 TL
()()Tj
ET
Q
q
406. 2 194. 098 3.48 15 72 re
W n
BT
/F 0 13.7188 Tf
0.7371 0 0 1 406.32 197.0098 Tm 13.7188 TL
()4.33                                                                                 TThAQ ara -= *  
Where, Tr is the temperature of the fin root. 
The heat transfer from the fin surface to the air can be calculated by: - 
()Tj
ET
Q
q
156.6 127.7698 3.48 12.72 re
W n
BT
/F10 13.9219 Tf
0.7243 0 0 1 156.6 130.7698 Tm 13.9219 TL
()()Tj ET
Q
q
404.28 127 698 3.48 12.72 re
W n
BT
/F10 13.7031 Tf
0.7358 0 0 1 404.28 130.7698 Tm 13.7031 TL
()4.34                                                                                   dATThQ afa -ò=  
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Where, ha is the convective heat transfer coefficient from the fin surface to 
the air and Tf is the local fin temperature. 
The fin efficiency ? f is defined as the ratio of the heat transferred from the 
fin to the air divided by the heat that would have been transferred if the 
whole fin was at its root temperature; it is given by: - 
()Tj
ET
Q
q
160.56 623.4897 3.48 13.2 re
W* n
BT
/F10 13.9219 Tf
0.7243 0 0 1 160.56 626.4897 Tm 13.9219 TL
()
()Tj
/F10 13.9219 Tf
0.7243 0 0 1 160.68 612.4498 Tm ()()Tj
/F10 13.7031 Tf
0.7358 0 0 1 404.28 620.0098 Tm ()4.35                                                                                   dATTh
dATTh
ara
afa
f -ò
-ò=h  
Using equations 4.33, the thermal resistance from the fin root to the air 
ሺ݄ܣሻ௔כ can be expressed by: - 
()Tj
/F10 13.7383 Tf
0.7346 0 0 1 106.08 536.7297 Tm ()
()Tj
ET
Q
q
160.92 549.3298 3.48 13.2 re
W* n
0 G
BT
/F10 13.957 Tf
0.7231 0 0 1 160.92 552.3298 Tm 13.957 TL
()()Tj
/F10 13.7383 Tf
0.7346 0 0 1 404.52 545.7297 Tm ()4.36                                                                                        
Q
TT
hA
1 ar
a
-
=*  
Combining equations 4.34, 4.36 and the definition of fin efficiency (equation 
4.35) leads to: - 
()Tj
/F10 13.7383 Tf
0.7358 0 0 1 106.2 461.7298 Tm ()
()Tj
ET
Q
q
174.12 474.2098 3.48 13.32 re
W* n
0 G
BT
/F10 13.957 Tf
0.7244 0 0 1 174.12 477.2098 Tm 13.957 TL
()
()Tj
/F10 13.957 Tf
0.7244 0 0 1 175.44 463.2898 Tm ()
()Tj
ET
Q
q
256.8 474.2098 3.48 13.32 re
W* n
0 G
BT
/F10 13.957 Tf
0.7244 0 0 1 256.8 477.2098 Tm 13.957 TL
()
()Tj
/F10 13.957 Tf
0.7244 0 0 1 263.4 463.2898 Tm ()()Tj
/F10 13.7383 Tf
0.7358 0 0 1 402.84 470.7298 Tm ()4.37                                         dATTh
TT
dATTh
TT
hA
1
araf
ar
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a -òh
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=
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-
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Assume ha to be constant over the whole fin, equation 4.37 yields: - 
()Tj
ET
Q
q
105.12 412.7698 3.48 15.72 re
W* n
BT
/F10 13.7539 Tf
0.7355 0 0 1 105.12 415.7698 Tm 13.7539 TL
()()Tj
ET
Q
q
150.96 412.7698 3.48 15.72 re
W* n
BT
/F10 13.7539 Tf
0.7355 0 0 1 150.96 415.7698 Tm 13.7539 TL
()()Tj
ET
Q
q
406.92 412.7698 3.48 15.72 re
W* n
BT
/F10 13.7539 Tf
0.7355 0 0 1 406.92 415.7698 Tm 13.7539 TL
()4.38                                                                                    AhhA afa h=*  
Hence equation 4.32 can be written as: - 
()Tj
/F10 13.9063 Tf
0.725 0 0 1 150.84 352.8898 Tm ()()Tj
/F10 13.9063 Tf
 .725  0 1 199.56 352.8898 Tm ()()Tj
/F10 13.9063 Tf
0.725 0 0 1 404.64 360.5698 Tm ()4.39                                                                  hA
1
hA
1AU
-1
afw
aver ú
û
ù
ê
ë
é
h
+=  
The ሺ݄ܣሻ values cannot be determined unless the geometry of the heat 
exchanger is known. However, ሺܷ௔௩௘௥ܣሻ௢ calculated from ܰܶ ௢ܷcan be used 
to determine the ሺ݄ܣሻ௢ values at design point; either one of the ሺ݄ܣሻ௜ǡ௢ or 
their ratio r must be known to determine both of ሺ݄ܣሻ௜ǡ௢. The ratio is defined 
by: - 
()Tj
ET
Q
q
132.48 236.8498 3.48 13.56 re
W* n
BT
/F10 14.1992 Tf
0.7206 0 0 1 132.48 239.9698 Tm 14.1992 TL
()
()Tj
/F10 14.1992 Tf
0.7206 0 0 1 126.24 225.3298 Tm ()()Tj
/F10 14.1992 Tf
0.7206 0 0 1 404.76 233.1298 Tm ()4.40                                                                                                hA
hA
r
w
afh=  
Combining equations 4.39 and 4.41 yields: - 
()Tj
/F10 14.0469 Tf
0.7186 0 0 1 105.12 174.3298 Tm ()()Tj
/F10 14.2734 Tf
 .7074  0 1 65 6 174.3298 Tm ()()Tj
/F10 14.0469 Tf
0.7186 0 0 1 404.4 174.3298 Tm ()
()Tj
/F10 14.0469 Tf
0.7186 0 0 1 116.28 157.0498 Tm ()()Tj
/F10 14.2734 Tf
0.7074 0 0 1 181.32 157.0498 Tm ()()Tj
/F10 14.0469 Tf
0.7186 0 0 1 403.92 157.0498 Tm ()4.42                                                                     AUrhA
4. 1                                                                      
r
1rAUhA
oavero ,wf
oavero ,w
=h
+
=  
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The ratio r  can be calculated using equations 4.39 and 4.40 if the convective 
heat transfer on one side and ()Tj
ET
Q
q
286.44 697.2897 3.6 13.2 re
W* n
BT
/F10 14.3633 Tf
0.7132 0 0 1 286.56 700.4097 Tm 14.3633 TL
()o ,iaverAU  are known. 
The convective heat transfer coefficients are most sensitive to the fluid 
velocity and fluid temperature. Schack [44] simplified the sources of 
convective heat transfer coefficient for flow in tubes to the equation: - 
()Tj
/F10 13.9258 Tf
0.7237 0 0 1 207.48 614.1298 Tm ()()Tj
/F 0 13.7109 Tf
0.7352 0 0 1 404.76 614.1298 Tm ()4.43                                                                 T014.01
d
v1842h w1.0
i
85.0
w
w +=  
However, Wetter [44] showed that variation of water-side convective heat 
transfer coefficient can be written as: - 
()Tj
/F10 13.8438 Tf
0.7288 0 0 1 403.44 527.8497 Tm ()4.44                                                                                 
m
mx
h
h
0.85
o ,w
.
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.
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Where, ()Tj
ET
Q
q
220.56 485.2498 3.48 13.44 re
W* n
BT
/F10 16.4258 Tf
0.6134 0 0 1 220.56 488.8498 Tm 16.4258 TL
()o ,www TTs1x -+=  is a factor expressing variation of water properties 
as a function of temperature and velocity; s  represents the relative sensitivity 
of the convective heat transfer coefficient wh  as a function of different fluid 
temperatures [42]. The relative sensitivity s  varies as a function of different 
fluid temperatures; it is given by [44]: - 
()Tj
/F10 13.7031 Tf
0.7388 0 0 1 408.12 393.5698 Tm ()4.45                                                                                             
T014.01
14o.os
w+
=  
The air-side convective coefficient ah  for a tube bundle is calculated using 
Grimison correlation for 40000Re2000 <<  [42]; fluid properties evaluated at the 
mean boundary layer temperature: - 
()Tj
/F10 13.6875 Tf
0.7395 0 0 1 408.48 301.5298 Tm ()4.46                                                                                       ReC
K
DhNu ma ==  
Where, K  is air thermal conductivity, and 
a
aDVRe
n
= , V  free stream velocity, 
C  and m  are constants depending on heat exchanger geometry only. The 
variation of the air-side Nusselt number can be written as: - 
()Tj
/F10 13.9141 Tf
0.7254 0 0 1 404.64 194.4898 Tm ()4.47                                                                                          
Re
Re
h
h
m
o,a
a
o,a
a
÷
÷
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ç
ç
è
æ
=  
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The air velocity and kinematic viscosity can be given by 
A
mV
a
a
.
a r
=  and 
a
a
a r
m
=n  respectively; hence equation 4.47 yields: - 
()Tj
/F10 13.8438 Tf
0.7289 0 0 1 401.52 627.8098 Tm ()4.48                                                   
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mx   
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Where, 
n
o,a
a
o,a
a
a K
K
x ÷
÷
ø
ö
ç
ç
è
æ
m
m
=  represent variation of air properties as a function of 
temperature. Michael Wetter [44] approximated ax  in the temperature range 
C200-  to C1000  and 95.065.0n ®=  to the equation: - 
()Tj
ET
Q
q
113.04 508.4098 3.48 14.76 re
W* n
BT
/F10 13.9336 Tf
0.7233 0 0 1 113.04 511.4098 Tm 13.9336 TL
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Q
q
227.88 507.8098 3.48 15.36 re
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BT
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q
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W* n
BT
/F10 13.7188 Tf
0.7348 0 0 1 405 511.4098 Tm 13.7188 TL
()4.49                                                         TT10x769.41Tx o ,aa3aa -+= -  
Inserting equations 4.44 and 4.48 are inserted into equation 4.39 yields: - 
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Figure 4.7 shows the finned water-to-air sensible coil solution flow chart. 
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As shown in Figure 4.7, the simulation program starts by defining finned 
water-to-air sensible coil parameters. These include design point temperature 
of and mass flow rate of process air entering the exchanger, design point 
temperature and mass flow rate of cooling water entering the exchanger, 
design point temperature of process air leaving the exchanger, and effective 
mass flow rates and temperatures of process and cooling water entering the 
exchanger. Using these parameters, the following summarizes the solution 
method: - 
4. Guess a value for temperature of cooling water entering exchanger in ,wT . 
5. Determine design point mass flow rate and properties of cooling water. 
6. Determine the design point effectiveness oe  using equation 4.4. 
13. Model the design point NTU  using equation 4.19. 
program-subStart 
parameters coil sensibleair -to-water finned Define
product  areaexchanger -tcoefficientransfer point  design Calculate
program-sub coil sensibleair -to-water finned of End
esseffectivenpoint  designexchanger heat  Determine
prpertiespoint  designexchanger heat  Determine
outputsexchanger heat  Calculate
unitstransfer  ofnumber point  designexchanger heat  Determine
ratioproduct  areaexchanger -tcoefficientransfer  Calculate
product areaexchanger -tcoefficientransfer  convective overall Calculate
esseffectivenexchanger heat  Determine
Figure 4.7 Finned Water-to-Air Sensible Coil Simulation Flow Chart 
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14. Determine the design point NTU  using the modified false position method 
[45] described in Appendix D. 
15. Calculate the design point transfer coefficient-area product ()Tj
ET
Q
q
475.2 675.0897 3.48 12.96 re
W* n
BT
/F10 13.9961 Tf
0.7264 0 0 1 475.2 678.2097 Tm 13.9961 TL
()oaver AU . 
16. Calculate the overall transfer coefficient-exchanger area product AUaver  
using equation 4.51. 
17. Determine the heat exchanger effectiveness e using equation 4.17. 
18. Calculate process air and cooling air leaving temperatures out ,aT  and out ,cT  
using equations 4.20 and 4.22 respectively. 
19. Calculate heat exchanger cooling duty using equation 4.21. 
Ͷ.͸ Absorber Modelling 
To predict the performance of the vertical tube type falling film absorber 
shown schematically in Figure 4.8, the thesis developed a model based on 
the application of continuity and energy balances. The falling film absorber 
considered consists of array of horizontal cooling water tubes over which 
aqueous LiCl is distributed; the aqueous LiCl flows over the cooling tubes 
under the influence of gravity. The model considers the coupled nature of 
heat and mass transfer processes accompanying the falling film absorption, 
takes into account the mass transfer resistances in both the liquid and vapour 
phases, and uses empirical correlations to predict the heat and mass transfer 
coefficients.  
 
 
outAir 
rDistributot Desicca
int Desicca
inwater  Cooling outt Desicca
inAir 
outwater  Cooling
Figure 4.8 Flow Streams inside the Absorber 
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Process air enters from the bottom of the absorber and flows vertically 
through the narrow channels formed by the cooling water tubes assembly; 
water vapour is absorbed by the absorbent flowing counter current to the air. 
The heat of absorption released is rejected to the water flowing through the 
tubes in cross-direction to the absorbent. The model considered neglects 
temperature and concentration variation along the horizontal tubes axis. 
The cooling water enters at the bottom and leaves at the top of the absorber. 
Figure 4.8 shows the flow direction for the three streams (the cooling water 
inside tubes, the desiccant, and the air) inside the absorber. The flow of 
cooling water in the individual tubes being in cross flow to the absorbent 
leads to a variation in cooling water temperature along the tubes. To improve 
the model the cooling water temperature in an individual tube is assumed to 
be equal to the mean of the inlet and outlet temperatures of the tube; parallel-
series arrangement of cooling water tubes may be used to decrease the 
cooling water side pressure loss to acceptable limits. 
 
 
Figure 4.9 shows the control volume used for applying continuity and energy 
balance equations. The model consists of two differential control volumes: 
the one containing the cooling tubes and that between the cooling tubes. The 
following assumptions were made in building the model: - 
1. The absorption process is assumed to be in steady state. 
2. System pressure is constant. 
3. Thermodynamic equilibrium exists at the liquid desiccant-air interface. 
4. Only water vapour is transferred between the air and the liquid desiccant. 
dL
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T ,m
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i x, ,m
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dii dx,x ,m ++
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.
T ,m
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aaaaaa dTT ,dWW ,dii ,m +++
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Figure 4.9 Differential Heat and Mass Transfer Element used to Derive 
Absorber Finite Difference Model 
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5. The heat transfer surface is completely wet; no direct heat transfer between 
the water vapour and the cooling surface. 
6. Liquid desiccant temperature remains constant. 
7. Heat losses to the environment are negligible. 
8. No flooding occurs between any two adjacent horizontal tubes. 
9. Mass transfer due to thermal and pressure difference is negligible; mass 
transfer occurs only because of concentration gradient. 
10. Heat conduction and mass diffusion in solution and air normal to flow 
direction are neglected. 
11. Effect of non-absorbable gases is ignored. 
12. Cooling water temperature along tubes radial coordinates is constant. 
13. Principal resistance to heat and mass transfer occurs in the interface. 
Ͷ.͸.ͳ Mass balance Equations 
Steady state mass balance for the given absorber configuration as obtained 
from the typical control volume of Figure 4.5 shows that mass flow rate of 
the salt (LiCl) in the solution and the mass flow rate of dry air in moist air 
are constant, and that mass transfer (mass of water vapour absorbed from 
moist air equals the mass of water added to the solution). The mass balance 
between the solution and moist air gives: - 
()Tj
/F10 13.7344 Tf
0.7364 0 0 1 172.68 338.8498 Tm ()()Tj
/F10 13.5234 Tf
0.7481 0 0 1 263.64 338.7298 Tm ()()Tj
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In the absorber, only water vapour (gas phase) is transferred from the air into 
the salt-water solution (liquid phase) across the interface separating the air 
and solution. Water vapour may be transported by advection with the mass-
average motion of the mixture v  and by molecular diffusion due to the 
motion of water vapour wv  relative to the mass-average motion of the 
mixture. Molecular diffusion of water vapour across the absorbent-air 
interface is driven by the difference in partial vapour pressures between the 
air and the salt-water solution. The vapour pressure above the solution is 
determined by the solution’s temperature and concentration.  
Neglecting the interfacial resistances, the total resistance to mass transfer 
will be the sum of the resistances of the two phases in series. With the actual 
water vapour composition difference as the driving force, the amount of 
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water vapour transferred into the liquid desiccant per unit time per unit area 
perpendicular to the direction of transfer (the mass flux) relative to the 
mixture mass-average velocity may be written as [22]: - 
()Tj
/F10 13.7031 Tf
0.7381 0 0 1 156.72 658.6497 Tm ()()Tj
/F10 13.4844 Tf
0.7498 0 0 1 407.16 658.6497 Tm ()4.52                                                                 
dy
dxDvvJ ABwww r-=-r=  
Where, LiClw r+r=r  solution mass density, wr  and LiClr  are water and salt 
mass densities, ABD  is the mass diffusion coefficient, and dy
dx  the gradient in 
water mass fraction 
r
r
= wx . 
The difference in the actual compositions usually occurs even when the 
phases are in equilibrium; hence it will not adequately express the driving 
force in an overall rate equation. When phase equilibrium exists at the gas-
liquid interface, compositions at the interface are fixed according to the 
principle of physical equilibrium and the driving force is based on one phase 
only by expressing the composition of one of the phases in terms of an 
equilibrium composition. The steady-state rate of water vapour transfer from 
moist air (gas phase) to salt-water solution (liquid phase) relative to a fixed 
coordinate system can be described by [22]: - 
()Tj
/F10 13.4023 Tf
0.7543 0 0 1 195.12 391.7698 Tm ()(4.53)                                                                        y-yMdAKdWm iiva
.
=  
Where, i  denote liquid-air interface, vK  the gas-phase mass transfer 
coefficient, y  and iy  are molar fractions of water vapour in bulk air and air at 
the interface, and idA  the differential interfacial area. The interfacial area idA  
is often expressed in terms of the absorber differential height dL , the cross 
sectional area of the empty absorber A , and a constant interfacial area per 
unit volume a  as aAdLdA i =  [22]. 
The concentration of the water vapour at the interface may be determined by 
assuming thermodynamic equilibrium; the partial pressure of the water 
vapour at equilibrium will then correspond to saturation at the temperature of 
the interface. At thermodynamic equilibrium, the two mixtures (moist air and 
salt-water solution) concentration, temperature and pressure are coupled to 
each other and only two properties are sufficient to determine the mixtures 
thermodynamic state. The equilibrium mole fraction of water vapour in 
moist air at equilibrium is then given by: - 
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()Tj
/F10 13.7383 Tf
0.736 0 0 1 136.2 711.5698 Tm ()()Tj
/F10 13.7383 Tf
0.736 0 0 1 406.92 711.5698 Tm ()54.4                                                            
W0.622
W
P
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P,Tfy
i
ii ,v
ii +
===  
Where, i ,vP  is the water vapour partial pressure at the interface; it equals the 
equilibrium pressure of saturated water vapour above the solution. M. Conde 
[20] derived a formula for calculating the equilibrium pressure of saturated 
water vapour above aqueous LiCL solution relative to vapour pressure of 
water at the same temperature in terms of solution concentration (mass 
fraction of salt in solution) as: - 
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Where, 
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Moist air flows alternatively on the cooling tubes and between them; thus the 
flow between the air and the falling film on the cooling tubes is modelled as 
flow across staggered bundle of tubes composed of more than ten rows using 
Grimison [42] correlation for 40000Re2000 max ,D << ; fluid properties evaluated 
at the mean boundary layer temperature: - 
()Tj
/F10 13.7344 Tf
0.7364 0 0 1 407.16 238.6498 Tm ()4.57                                                                ReC
K
Dh
Nu mmax ,D
tubes on ,a
D ==  
Where, K  is the thermal conductivity of air, tubes on ,ah  the average convective 
heat transfer between the air and the falling film, and 
m
r
=
DV
Re maxmax ,D , maxV  
the maximum velocity occurring within the tube bank, C  and m  are 
constants listed in Table2 [42]. Equation 4.57 can be extended to other fluids 
by inserting the factor 3
1
Pr13.1 . 
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Table 2 Constants for Airflow over a Tube Bank 10 or more Rows [42] 
SL/D
 
ST/D
 
1.25 1.5 2.0 3.0 
C m C m C m C m 
1.0 - - 0.497 0.558 - - - - 
1.125 - - - - 0.478 0.565 0.518 0.56 
1.25 0.518 0.556 0.505 0.554 0.519 0.556 0.522 0.562 
1.5 0.451 0.568 0.46 0.562 0.452 0.568 0.488 0.568 
2 0.404 0.572 0.416 0.568 0.482 0.556 0.449 0.57 
3 0.31 0.592 0.356 0.58 0.44 0.562 0.428 0.574 
The maximum velocity for the staggered configuration may occur either at 
the transverse plane or the diagonal plane. Consider DS  and TS  to be the 
central distances in the diagonal and transverse planes, V  the free stream 
velocity, and that the rows are spaced such that ()Tj
ET
Q
q
438.12 437.1298 3.48 12.72 re
W n
BT
/F10 13.7031 Tf
0.7363 0 0 1 438.12 440.1298 Tm 13.7031 TL
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W n
BT
/F10 13.7031 Tf
0.7363 0 0 1 483.96 440.1298 Tm 13.7031 TL
()DSDS2 TD -<-  then 
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and V
DS
S
V
T
T
max -
=  if it occurs at the transverse plane.  
Invoking the heat and mass transfer analogy, equation 4.57 may be applied 
to calculate mass transfer coefficient mK  by replacing DNu  by DSh  and Pr  by 
Sc  [42]: - 
()Tj
/F10 13.7031 Tf
0.7395 0 0 1 390.48 287.9698 Tm ()4.58                                                                   ReC
D
DKSh mmax ,D
AB
m
D ==  
Where, ABD  is the diffusion coefficient of water vapour. 
The diffusion coefficient of water vapour into salt-water solutions may be 
calculated by M. Conde correlation [20] as: - 
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Where, R  , Ln  and LM  are universal gas constant, dynamic viscosity and 
molecular weight of water at T , and cV  the molar volume of water at cT . 
Ͷ.͸.  ʹEnergy balance Equations 
Heat transfer between salt-water solution and moist air occurs due to the 
combined contribution of convective heat transfer between the fluid in 
motion and the bounding surface (interface), and sensible heat load from the 
heat capacity of the mass transferred across the interface. The extra sensible 
heat transfer is primarily due to the temperature gradient between the liquid 
and moist air. The liquid phase control volume energy balance depends on 
whether the falling film is in the cooling tubes region or between them. For 
the control volume in the cooling water tubes region: - 
()Tj
/F10 13.5234 Tf
0.7457 0 0 1 133.44 511.5298 Tm ()()Tj
/F10 13.7344 Tf
0.7341 0 0 1 169.8 11.6497 Tm ()()Tj
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0.7341 0 0 1 298.32 511.6497 Tm ()()Tj
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0.7457 0 0 1 404.88 511.5298 Tm ()4.60     idWmTTdAhixmdiidxxm w ,fa
.
siiL ,csA
.
ssA
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è
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Where, ()Tj
ET
Q
q
199.44 471.3298 3.48 12.96 re
W* n
BT
/F10 13.9961 Tf
0.7218 0 0 1 199.44 474.4498 Tm 13.9961 TL
()siiL ,c TTdAh -  and w ,fa
.
idWm ÷÷
ø
ö
çç
è
æ are heat transfer from the i terface to the 
solution and due condensation into the interface respectively; L ,ch  is the 
interface-to-liquid convective heat transfer coefficient. 
An energy balance for the solution control volume between tubes gives: - 
()Tj
/F10 13.5234 Tf
0.7473 0 0 1 133.56 379.6498 Tm ()()Tj
/F10 13.7344 Tf
0.7356 0 0 1 170.04 379.7698 Tm ()()Tj
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Where, libq  is the thermal energy librated during the absorption process. 
An energy balance equation for the moist air control volume gives: - 
()Tj
/F10 13.7344 Tf
0.7348 0 0 1 137.52 296.2498 Tm ()()Tj
/F10 13.7344 Tf
0.7348 0 0 1 216 296.2498 Tm ()()Tj
/F10 13.5234 Tf
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Where, ()Tj
ET
Q
q
200.76 261.2098 3.48 12.96 re
W* n
BT
/F10 13.9961 Tf
0.7218 0 0 1 200.76 264.3298 Tm 13.9961 TL
()aiia ,c TTdAh -  is sensible heat transfer from air to the interface, a ,ch  
air-to-interface convective transfer coefficient and gi  enthalpy of vapour. 
An energy balance at the liquid-moist air interface gives: - 
()Tj
/F10 13.7344 Tf
0.7363 0 0 1 155.28 191.7298 Tm ()()Tj
/F1  1 .7344 Tf
0.7363 0 0 1 234.84 191.7298 Tm ()()Tj
/F10 13.5234 Tf
0.7479 0 0 1 408.36 191.6098 Tm ()4.63                               iWdmTTdAhTTdAh fga
.
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è
æ
+-=-  
An energy balance over the coolant, coolant-liquid interface and the global 
control volumes gives: - 
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()Tj
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182.04 715.8898 3.48 13.44 re
W* n
BT
/F10 14.1367 Tf
0.7163 0 0 1 182.04 719.0098 Tm 14.1367 TL
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Where, the overall heat transfer coefficient U  combines the various thermal 
resistances in the path of heat flow between the solution and cooling water 
(cooling-side resistance 
w ,ch
1 , wall resistance ÷
ø
ö
ç
è
æ=
d
Dln
K2
DR
w
w , and the 
resistance due the falling film resistance 
filmh
1 ) and cdA  the cooling surface 
area. The overall heat transfer coefficient U  can be expressed as: - 
()Tj
/F10 13.7383 Tf
0.736 0 0 1 407.16 519.2097 Tm ()67.4                                                                                
h
1R
h
1
U
1
film
w
w ,c
++=  
The cooling water-side heat transfer coefficient w ,ch  is based on the fully 
developed laminar flow conditions inside tube and uniform surface heat flux 
is of the form [42]: - 
()Tj
/F10 13.7344 Tf
0.7341 0 0 1 404.88 424.1698 Tm ()4.68                                                                                  364.4
K
Dh
Nu w ,cD ==  
The falling film heat transfer coefficient for the laminar flow regime filmh  is 
calculated using Wilke correlation [23] for 646.0Pr2460Re -<  given by: - 
()Tj
/F10 13.6875 Tf
0.7395 0 0 1 407.76 351.0898 Tm ()4.69                                                                                      88.1
K
hNu film =d=d  
Where the average film thickness d for the laminar flow is given by 
Nusselt’s theory [42] as: - 
()Tj
/F10 13.7266 Tf
0.7356 0 0 1 403.68 269.1298 Tm ()4.70                                                                              
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Implicit finite difference numerical technique is employed to discrete the 
non-linear coupled first-order differential equations 4.51-4.70 forming the 
detailed absorber heat and mass transfer models and transforms them into a 
system of algebraic equations. The method divides the absorber into 
incremental segments of equal heights and further divides each incremental 
segment into liquid (salt-water), moist air, and cooling water differential 
segments; Figure 4.10 shows the absorber solution flow chart. 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
85 
 
 
 
 
 
parametersabsorber  Define
absorber of length
ecreaseIncrease/d 
dL segments aldifferenti intoit  divide and lengthabsorber  Assume
n iterationsabsorber  ofnumber  Set
z ionconcentrat endinlet air  solution Guess
No
file data Save
program End
tolerancenew <z-z
Yes
No
w
.
isol md and,y ,P pressurevapour  solution Calculate
LavAB h and ,h ,K ,DPr, Sc,Nu, Re, Calculate
()Tj
ET
Q
q
349.08 233.8498 3 10.56 re
W* n
0 g
0 G
BT
/F10 11.4531 Tf
0.7506 0 0 1 349.08 236.3698 Tm 11.4531 TL
()()Tj
ET
Q
q
370.56 233.8498 3 10.56 re
W* n
0 g
0 G
BT
/F10 11.4531 Tf
0.7506 0 0 1 370.56 236.3698 Tm 11.4531 TL
()toleranceWWWabs Is ia <-+
fgi i calcuate and T etemperatur interface Guess
newa  and dx,x ,dW Wtransfer, mass the Calculate z++
iT new Calculate
Yes
toleranceTT inew i, <-
segmentnext for water  of etemperatur and dq Calculate c
aaaa dTT and dii Calculate ++
loop iteration newStart 
Yes
solution of enthalpy endinlet  Calculate
No
Yes
region tubes cooling insegment  the Is
ss dii Calculate +
No
Figure 4.10 Absorber Simulation Flow Chart 
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As shown in Figure 4.10, the absorber sub-program starts by defining the 
absorber constant parameters; this include absorber cross sectional area, 
temperature and mass flow rate of cooling water entering the absorber, 
concentration, mass flow rate and temperature of salt-water solution entering 
the absorber. The sub-program then uses these parameters and conditions of 
process air entering the absorber to determine the heat and mass transfer 
coefficients and entering salt-water solution enthalpy. Next, the sub-program 
assumes a length for the absorber and divides it into differential segments of 
equal incremental lengths; this sets the total number of iterations to be 
performed by the sub-program. The absorber sub-program then evaluates the 
operating conditions at each point such that the absorber mass and energy 
balance equations are satisfied. 
The following summarizes the solution method using the chamber air inlet 
end as a starting point: - 
1. Assume a length of the absorber and divide it into differential segments 
of equal incremental lengths LD . 
2. Guess mass fraction of salt in solution at air inlet end z . 
3. Calculate inlet end salt-water solution enthalpy si  using equation 3.2. 
4. Repeat the following for each node: - 
i.Guess air inlet end interface temperature iT . 
ii.Calculate the enthalpy of change of phase at the interface. 
iii. Calculate Reynolds number DRe , Schmidt number DSc , Nusselt number 
DNu , the Prandtl number Pr , diffusion coefficient of water vapour into 
salt-water solution ABD ; hence air and salt water solution (liquid) heat 
transfer coefficients ah , and water vapour mass transfer coefficient 
v ,mK . 
iv.Calculate vapour pressure at interface iP  using equation 4.55, the 
interface water vapour mole fraction iy  using equation 4.54, and the 
water vapour mass flux w
.
md  using equation 4.53. 
v.Calculate a new value of iT  from an energy balance at the salt-water 
solution (liquid)-moist air interface using equation 4.63; if the 
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difference between the old and new values of iT  is less than the 
assumed convergence, go to step vi otherwise go to step i. 
vi.Calculate the mass transfer using equation 4.53. 
vii. Calculate moisture content (mass fraction of water vapour in air) for 
the next segment dWW + , hence the mass fraction of water vapour in 
solution for the next segment dxx +  using equation 5.51; hence the 
new value of mass fraction of salt in solution newz . 
viii.Calculate the enthalpy of air for the next segment aa dii +  from an 
energy balance of moist air control volume using equation 4.62; hence 
the temperature of air for the next segment. 
ix.If the segment is between the cooling tubes, calculate the enthalpy of 
solution for the next segment ss dii +  from an energy balance of salt-
water solution control volume using equation 4.61 and go to step xi. 
x.If the segment is in the cooling tubes region, guess a value for the heat 
transfer cdQ , and calculate the enthalpy of solution for the next 
segment ss dii +  from an energy balance of moist air control volume 
using equation 4.60. Calculate a new value of cdQ  from an energy 
balance at the salt-water solution (liquid)-moist air interface using 
equation 4.66; if the difference between the guessed and new value of 
cdQ  is less than an assumed convergence, go to step xi otherwise 
guess a new value for cdQ . 
xi.Calculate the temperature of cooling water that leaves the segment 
out w,T  using equation 4.64. 
5. Iterate until the calculated mass fraction of salt in solution newz  match 
the known inlet mass fraction. 
6. Check the calculated humidity ratio at absorber outlet. 
Increase/decrease the absorber height and go to step 1 if the absolute 
difference between the calculated humidity ratio and the equilibrium 
humidity ratio (calculated at solution entering concentration) is greater 
than an assumed tolerance; assume convergence if the difference is less 
than the tolerance. 
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Ͷ.͹ The Evaporative Water Cooler Modelling 
The parameters defining the thermal capability of any evaporative water 
cooler (cooling tower) constitutes entering and leaving water temperatures, 
entering air dry-bulb and wet-bulb temperatures, and water flow rate. The 
thermal performance of a cooling tower depends principally on the entering 
air wet-bulb temperature. The entering air dry-bulb temperature and relative 
humidity, taken independently affect the rate of water evaporation within the 
cooling tower but have an insignificant effect on thermal performance of 
mechanical-draft cooling towers. Figure 4.11 shows the psychometric of the 
air passing through a cooling tower. Air enters at the ambient condition 
(point 1), absorbs heat and mass (moisture) from the water, and exits at 
(point 2) in a saturated condition (at very light loads, the discharge air may 
not be saturated). 
 
 
The amount of heat transferred from the water to the air is proportional to the 
difference in enthalpy of the air between the entering and leaving conditions. 
Because lines of constant enthalpy correspond almost exactly to lines of 
constant wet-bulb temperature, the change in wet-bulb temperature of the air 
determines the change in enthalpy of the air. 
Air cooling (vector 12 in Figure 4.11) may be separated into component 1-3 
representing the sensible portion of the heat removed from air as water is 
cooled, and component 3-2 representing the latent portion. However, while 
the sensible and latent components change when the entering air condition is 
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Figure 4.11 Psychrometric Analysis of Air Passing through Tower 
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changed to point 4 at the same wet-bulb temperature but higher dry-bulb 
temperature, the total heat transfer (vector 4-2) remains the same. Vector 4-5 
represents sensible cooling of air, while vector 5-2 represents latent heating 
as water gives up heat and mass to the air. 
The ratio of latent to sensible heat is important in analyzing the water usage 
of a cooling tower. Mass transfer occurs only in the latent portion of the heat 
transfer process and is proportional to the change in specific humidity. The 
entering air dry-bulb temperature or relative humidity affects the latent to 
sensible heat transfer ratio as well as the rate of evaporation. The rate of 
evaporation in case 4-2 (Figure 4.11) is less than in case 1-2 because the 
latent heat transfer represents smaller portion of the total heat. 
The evaporative water cooler used in this study consists of a packed bed 
chamber in which water to be cooled is pumped to distributor troughs at the 
chamber top, splashes down through the chamber and distributed over a 
packing; a fan draws air vertically upwards through the chamber in counter 
flow to the falling water. 
Merkel (1925) first presented the practical use of differential equations 
(combining heat and mass transfer equations) in cooling tower performance 
analysis. He showed the utility of the total heat (enthalpy difference) as a 
driving force to allow for both sensible and latent heats. 
Jaber and Webb [45] analysed the application of heat exchanger design 
theory to cooling towers by ignoring the heat transfer resistance at the air-
water interface and the effect of water evaporation on the states of air along 
the vertical length of the tower. They show that the effectiveness e, and 
number of transfer unit’s NTU  definitions are in good agreement with those 
used for heat exchanger design and are applicable to all cooling tower 
operating conditions.  
Jameel-ur-Rehman and Zubair [46] performed a theoretical treatment for 
counter-flow wet cooling towers design and rating analysis using air-water 
thermodynamic property equations developed by Hyland and Wexler [10]. 
They consider the effects of Lewis number defined similar to the definition 
used by Threlkeld [7], interface heat transfer resistance, and water 
evaporation on the air states along the vertical length of the tower. 
Saffa Riffat et al. [47] tested experimentally a closed wet cooling tower for 
use with chilled ceilings in buildings. They used CFD to predict the thermal 
performance of the cooling tower. 
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Ala Ali Hasan and Kai Siren [48], using experimental measurements of a 
prototype tower to define tower coefficients, presented theoretical and 
computational analysis of wet closed cooling towers. They optimize the 
tower flow rates, number of tubes and rows for cooling an office building; 
the cooling tower performance is simulated using TRNSYS [16]. 
Ala Ali Hasan [49] showed that closed wet cooling towers can be used with 
chilled ceilings to achieve acceptable indoor air temperatures in locations 
having suitable climatic conditions. He presented a computational model for 
simulating the thermal performance of closed wet cooling towers intended 
for use in conjunction with chilled ceilings in cooling of buildings. Assume 
variable spray water temperature inside the tower, he carried optimization of 
the tower geometry and flow rates for specified design conditions by 
subjecting a prototype tower to experimental measurements to find tower 
characteristics. 
This thesis employs the finite difference method procedure to derive the 
packed-bed evaporative water cooler heat and mass transfer governing 
equations. The following assumptions were made in building the model: - 
1. Uniform cooler cross sectional area and uniform temperature throughout 
the water stream at any cross section 
2. The bulk flow temperature normal to the thickness direction is constant. 
3. Constant overall heat and mass transfer coefficients. 
4. The principal resistance to heat and mass transfer occurs in the boundary 
layer of air surrounding the water droplet. 
5. Heat conduction and mass diffusion in water and air normal to flow 
direction are neglected. 
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Figure 4.12 Differential Heat and Mass Transfer Element used to derive 
Evaporative Water Cooler Finite Difference Model 
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Figure 4.12 shows schematically mass and energy transfer processes 
between bulk water at wT  surrounded by bulk air at aT , enthalpy ai  and 
humidity ratio aW . The interface is assumed to be a film of saturated air at 
temperature iT , enthalpy ii  and humidity ratio iW . Steady state mass balance 
for the cooling tower configuration shows that the mass flow rate of dry air 
is constant, and that the mass transfer equals mass of water evaporated; 
hence: - 
(4.71)                                                                                           dWmmd a
.
w
.
-=  
The air-to-water partial vapour pressure difference drives mass transfer; 
hence the rate of mass transfer may be expressed as proportional to the 
difference between the concentrations of water vapour in bulk air and that at 
the air-water interface: - 
()Tj
/F10 13.7383 Tf
0.7366 0 0 1 204.72 465.2098 Tm ()(4. )                                                                     WWdAhdWm iiw ,ma
.
-=  
Where, w ,mh  is the mass transfer coefficient of water vapour from interface to 
bulk air, iW  the humidity ratio of air at the interface, and aW  is the air 
humidity ratio of bulk air. 
Assume constant value for the specific heat of water w,pC , an energy balance 
on the water control volume yields: - 
()Tj
/F10 13.7344 Tf
0.7341 0 0 1 183.12 333.3298 Tm ()()Tj
/F10 13.7344 Tf
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Where, w ,ch  is the water-to-interface convective heat transfer coefficient. 
An energy balance on the air control volume yields: - 
()Tj
/F10 13.7344 Tf
0.7363 0 0 1 137.64 248.8498 Tm ()()Tj
/F10 13.7344 Tf
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Where, ()Tj
ET
Q
q
198.72 213.8098 3.48 12.96 re
W* n
BT
/F10 13.9961 Tf
0.7218 0 0 1 198.72 216.9298 Tm 13.9961 TL
()aiia ,c TTdAh -  is the sensible heat transfer from the interface to the air, 
÷÷
ø
ö
çç
è
æ
dWmi a
.
fg  the heat transfer due to evaporation from the interface ; a ,ch  is the 
interface-to-air convective heat transfer coefficient and fgi  the latent heat of 
evaporation for water. 
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Assume the Lewis relationship to be equal to one, mass and sensible heat 
transfer can be combined into an overall coefficient based on enthalpy 
difference as the driving force by 
p
c
m C
h
K = . Hence the air control volume 
energy balance can be written as: - 
()Tj
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An energy balance at the air-water interface gives: - 
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An energy balance over the global control volumes gives: - 
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The process reaches equilibrium when the air is saturated. Under adiabatic 
conditions, equilibrium is reached at the temperature of adiabatic saturation 
or the thermodynamic wet-bulb temperature. However, the air enthalpy 
increases as it moves through the tower when a heat load is applied; thus the 
equilibrium temperature increases. 
Similar to the absorber sub-program, finite difference technique is employed 
to discrete the non-linear coupled first order differential equations 4.71-4.77 
forming the detailed evaporative water cooler heat and mass transfer model 
and transform them into a system of algebraic equations. The method divides 
the evaporative cooler into incremental segments of equal heights and further 
divides each incremental segment into air and water differential segments.  
Figure 4.13 shows the evaporative water cooler solution flow chart. 
As shown in Figure 4.13, the sub-program starts by defining cooling tower 
constant parameters; these include tower cross sectional area, mass flow rate 
of air entering the tower, temperature and mass flow rate of water entering 
the tower. Using these parameters the tower sub-program determines heat 
and mass transfer coefficients, and entering water enthalpy. The sub-program 
then assumes a length for the tower and divides it into differential segments 
of equal lengths; this sets the total number of iterations to be performed by 
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the tower sub-program. The sub-program then evaluates tower operating 
conditions at each point such that the cooling tower mass and energy balance 
equations are satisfied. The sub-program obtains properties of moist air (air-
water vapour mixture) from property equations given by Hyland and Wexler 
[10] and gives the dry-bulb temperature, wet-bulb temperature of air, and 
water temperature and humidity ratio of air at each step of numerical 
calculation. 
 
 
Using air inlet end as starting point, the following summarizes the solution 
method: - 
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Figure 4.13 Evaporative Water Cooler Simulation Flow Chart 
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1. Assume a length of the evaporative water cooler and divide it into 
differential segments of equal incremental lengths LD . 
2. Guess a value for the air inlet end water temperature out,wT . 
3. Repeat the following for each node: - 
i.Guess the air-water interface temperature iT . 
ii.Calculate the enthalpy of water at interface interface ,wi  and enthalpy of 
change of phase fgi . 
iii. Calculate Reynolds number DRe  and the Nusselt number DNu  the 
Prandtl number Pr , the Nusselt number DNu , the diffusion coefficient 
of water into moist air ABD ; hence the vapour mass transfer coefficient 
vK , the liquid water and the air heat transfer coefficients w ,ch  and a ,ch . 
iv.Calculate vapour pressure above liquid water O2HP  in the interface using 
equation 4.49; hence the air equilibrium moisture content iW  at the 
interface using equation 4.55 and the mass transfer w
.
md  using 
equation 4.72. 
v.Calculate a new value of new,iT  from an energy balance of air-water 
interface control volume using equation 4.76. 
vi.If the difference between the old and new values of iT  is less than an 
assumed convergence, go to step vii otherwise go to step i. 
vii. Calculate the enthalpy of air for the next segment aa dii +  from an 
energy balance of water control volume using equation 4.74; hence 
the air temperature for the next segment aa dTT + . 
viii.Calculate the enthalpy of water for the next segment ww dii +  from an 
energy balance over the global control volume using equation 4.77; 
hence calculate temperature of water ww dTT +  for the next segment. 
4. Iterate until the value of the calculated water temperature ww dTT +  
matches the known inlet water temperature. 
5. Check the temperature of water at evaporative cooler outlet; increase 
cooler height and go to step 1 if the absolute difference between the 
temperature leaving the tower and the entering air wet-bulb temperature 
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is greater than an assumed tolerance; assume convergence if the 
difference matches the tolerance. 
Ͷ.  ͺ Shell-and-Tube Heat Exchangers Modelling 
Shell-and-tube heat exchangers consist of many tubes mounted parallel to 
each other in a cylindrical shell; they are widely used as power condensers, 
oil coolers, pre-heaters, and steam generators. The flow may be parallel, 
counter, cross flow or combinations of these flow arrangements as a result of 
baffling. Ignore fouling and assume the resistance of the two convective heat 
exchanges denominate the overall coefficient of heat transfer from fluid to 
fluid in a shell-and-tube heat exchanger (the metal thermal resistance is small 
compared to the two convective heat exchanges), the overall transfer 
coefficient for a shell-and-tube exchanger is given by: - 
()Tj
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Where, 
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æ represent the inner and outer thermal resistances. 
The outer heat transfer surface area oA  is calculated from: - 
()Tj
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Where, od  is the diameter of the outer tube, tN  and L  the total number and 
length of the tubes. The number of tubes that can fit in a cylindrical shell is 
calculated from: - 
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Where, CTP  is a constant accounting for the incomplete coverage of circular 
tubes in a cylindrical shell ( 93.0CTP =  for one shell pass ), CL  is the tube 
layout constant ( 1CL =  for 450 and 900 layouts; 87.0CL =  for 300 and 600 
layouts), tP  is the tube pitch, and sD  is the shell diameter. The shell diameter 
may be solved for using the above two equations, to give: - 
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The shell side heat transfer coefficient is most often computed from the 
experimental correlation: - 
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Similar to the finned water-to-air sensible coil, the thesis models the shell-
and-tube heat exchangers using Michael Wetter approach [44] that uses 
dimensionless variation of the heat transfers based on design conditions to 
simulate the steady-state behaviour. Figure 4.14 shows the shell-and-tube 
heat exchanger solution flow chart. 
As shown in Figure 4.14, the program starts by defining finned shell-and-
tube heat exchanger parameters. These include design point temperature and 
mass flow rate of solution entering the exchanger, design point temperature 
and mass flow rate of hot solution/heating thermal fluid entering the 
exchanger, design point temperature of solution leaving the exchanger, and 
effective mass flow rates and temperatures of solution and heating thermal 
fluid entering the exchanger. 
 
 
The following summarizes the solution method: - 
1. Guess a value for temperature of heating fluid (solution or thermal fluid) 
entering exchanger in hot,T . 
program-subStart 
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Figure 4.14 Shell-and-Tube Heat Exchanger Simulation Flow Chart 
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2. Calculate design point mass flow rate and properties of heating fluid. 
3. Determine the design point effectiveness oe . 
5. Model the design point NTU . 
6. Determine the design point NTU  using the modified false position method 
[45] described in Appendix D. 
7. Calculate the design point transfer coefficient-area product ()Tj
ET
Q
q
466.8 606.8098 3.48 12.96 re
W* n
BT
/F10 13.9961 Tf
0.7264 0 0 1 466.8 609.9297 Tm 13.9961 TL
()oaver AU . 
8. Calculate the overall transfer coefficient-exchanger area product AUaver . 
9. Determine the heat exchanger effectiveness e. 
10. Calculate temperatures of solution and heating fluid air leaving. 
11. Calculate heat exchanger heating duty. 
Ͷ.ͻ The Regenerator Modelling 
Similar to the absorber model, a one-dimensional model that neglects 
temperature and concentration variation along the horizontal axis is 
considered for the generator. Similar to the absorber, the regenerator 
constitutes an array of horizontal heating tubes over which hot solution flows 
under the influence of gravity; air enters from the bottom and flows through 
the heating tubes. The same assumptions made in building the generator 
model apply for the regenerator; Figure 4.15 shows the control volume used 
to derive the regenerator model. 
 
 
Similar to the absorber, steady state mass balance for the liquid in the 
heating tubes and between the heating tubes regions, energy balance for air 
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Figure 4.15 Differential Heat and Mass Transfer Element used to derive 
Regenarotor Finite Difference Model 
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control volume, over the heating tubes, the heating tubes-liquid interface, 
and global control volume in the differential element of Figure 4.8 give: - 
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Ͷ.ͳͲ The Solar Collector Heater Modelling 
Liquid heating in desiccant system requires only moderate heating 
temperatures; these temperatures can be provided by applying a flat plate 
solar collector heater10 similar to that shown in Figure 4.16. The flat plate 
solar collector heater transfers energy from the sun (distant source of radiant 
energy) to a fluid. It consists of a black solar energy absorbing surface, a 
cover (transparent to solar radiation) over the solar absorber surface to 
reduce convection and radiation losses to the atmosphere, and back 
insulation to reduce conduction loses as main parts. Losses occur from 
regions of high temperature (absorber) to regions of low temperature (the 
ambient). 
 
                                                 
 
10A solar collector heater is a special kind of heat exchanger that transforms solar radiant energy into heat; 
its difference from a conventional heat exchanger in that energy is transferred from a distant source of 
radiant energy to a fluid. 
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Figure 4.16 Flat Plate Solar Collector Heater 
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Estimating the losses occurring in the collector system helps identifying 
areas where particular losses are high and thus change or modify 
configurations to reduce them. The following sections will study the heat 
losses from the various components of the solar collector to obtain the 
overall heat loss coefficient used to depict the losses for the entire collector. 
The steady state performance of a collector is usually described by an energy 
balance describing the useful incident solar energy, thermal losses (losses 
through the top, the bottom and edges of the collector) and optical losses. 
The useful energy is the part of solar energy absorbed by the plate (S  
Appendix A) and transferred along the plate through the tubes to heat the 
fluid inside; useful energy causes temperature gradient in the direction of 
flow. Energy loss through the top results from convection and radiation from 
the absorber plate to the collector cover. However, edge losses are negligible 
in a well designed solar collector.  
At some location on the plate where the temperature is pT  the absorbed solar 
radiation is distributed to thermal losses through the top and bottom and to 
useful energy gain. 
The overall steady state energy balance equation per unit collector area can 
be written in terms of useful energy uQ  as: - 
()Tj
ET
Q
q
407.16 357.4498 3.48 12.72 re
W* n
BT
/F10 13.7031 Tf
0.7381 0 0 1 407.16 360.4498 Tm 13.7031 TL
()4.90                                                                                                QQQ liu -=  
Where, iQ  is the input energy and lQ  the losses. 
Heat will be lost from the absorber plate (the highest temperature in the 
system) to the ambient (the lowest temperature) and can be written as: - 
()Tj
ET
Q
q
160.56 273.0898 3.48 13.92 re
W* n
BT
/F10 17.6563 Tf
0.571 0 0 1 160.56 276.9298 Tm 17.6563 TL
()()Tj
ET
Q
q
404.7  273.8098 3.48 3.2 re
W* n
BT
/F10 4 13 7 f 0.7131 0 0 1 404.76 276.9298 Tm 14.1367 TL
()4.91                                                                                      TTUQ apLl -=  
Where, LU  is the total or overall heat loss coefficient, pT  is the absorber 
plate mean temperature and aT  is the ambient temperature. The absorber 
plate mean temperature is a function of collector design, incident solar 
radiation, entering fluid conditions; it is difficult to calculate or measure. 
To lay a foundation for modelling the solar collector heater shown in Figure 
4.16, the study makes the following simplifying assumptions: -  
1 Steady state collector performance. 
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2 The solar collector is of parallel tube type sheet construction. 
3 The collector headers provide uniform flow to the tubes and cover 
neglected collector area. 
4 The cover absorbs no solar energy to affect losses from the collector. 
5 One-dimensional heat flow through collector cover and back insulation. 
6 The cover is opaque to infrared radiation. 
7 The sky is a black body; long wave radiation at sky temperature. 
8 Temperature gradients around tubes can be neglected; temperature 
gradients in direction of flow and between tubes treated independently. 
9 Properties are independent of temperature. 
10 Loss through the top and the back are to the same ambient temperature. 
11 Dust and dirt on the collector are negligible. 
12 Shading of the absorber collector plate is negligible. 
Consider the single cover system thermal network shown in Figure 4.17 
where the temperature at some location on the plate is pT . The steady state 
energy transfer between the absorber plate at pT  and the cover at cT  equals 
the energy loss from the cover to the ambient [16]. 
 
aT
aT
a-c ,rh
1
a-c ,ch
1
c-p ,ch
1
c-p ,rh
1
1R
2R
S uQ S uQ
pT
cT
bT
aT
aT
bT
pT
3R
4R
a-b ,rh
1
K
xD
a-b ,ch
1
LU
1
S
cT
aT
uQ
()Tj
ET
Q
q
218.52 115.7698 3.36 7.56 re
W n
BT
/F10 8.0039 Tf
1.1904 0 0 1 218.52 117.5698 Tm 8.0039 TL
()a ()Tj
ET
Q
q
314.4 119.4898 3.36 7.56 re
W n
BT
/F10 8.0039 Tf
1.199 0 0 1 314.4 121.2898 Tm 8.0039 TL
()b
()Tj
ET
Q
q
413.52 141.5698 3.36 7.56 re
W n
BT
/F10 8.0039 Tf
1.1918 0 0 1 413.52 143.3698 Tm 8.0039 TL
()c
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
101 
 
 
 
 
Assume ae  is the absorber plate emissivity, ce  the cover emissivity, and c-p ,ch  
the convective heat transfer coefficient between the plate and the cover; the 
loss through the top cover per unit area t ,lq  is: - 
()Tj
/F10 17.3633 Tf
0.5814 0 0 1 172.8 608.4897 Tm ()()Tj
ET
Q
q
234.72 612.4498 3.48 17.52 re
W* n
BT
/F10 19.8438 Tf
0.5086 0 0 1 234.72 616.7698 Tm 19.8438 TL
()()Tj
/F 0 17.3633 Tf
0.5 1  0 0 1 282.96 608.4897 Tm ()()Tj
/F10 .3633 Tf
0.5814 0 0 1 345 60 .4897 Tm ()
()Tj
/F10 17.8633 Tf
0.565 0 0 1 153.36 570.5698 Tm ()
()Tj
/F10 13.9063 Tf
0.726 0 0 1 404.04 562.0497 Tm ()92.4                                                                                           
R
TT
hhTT
111
TT
TThq
1
cp
c-p ,rc-p ,ccp
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4
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4
p
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-
=
+-=
-
e
+
e
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Where: 
()Tj
ET
Q
q
164.76 504.6898 3.48 16.56 re
W* n
BT
/F10 17.2969 Tf
0.5873 0 0 1 164.76 508.4098 Tm 17.2969 TL
()()Tj
ET
Q
q
209.52 504.0898 3 48 17.16 re
W* n
BT
/F10 19.7695 Tf
0.5138 0 0 1 209.52 508.4098 Tm 19.7695 TL
()
111
TTTT
h
cp
2
c
2
pcp
-cp ,r
-
e
+
e
++s
=  
is the radiation heat transfer coefficient between the absorber plate and the 
collector cover. 
-cp ,r-cp ,c
1 hh
1R
+
=  
is the resistance to heat transfer between the absorber plate and the cover. 
The heat loss from the collector cover to the ambient is given by: - 
()Tj
/F10 13.9219 Tf
0.7264 0 0 1 162.48 331.1698 Tm ()()Tj
ET
Q
q
231.96 326.8498 3.48 21 re
W* n
BT
/F10 19.5586 Tf
0.5169 0 0 1 231.96 331.1698 Tm 19.5586 TL
()()Tj
ET
Q
q
280.2 334.8898 3.48 12.96 re
W* n
BT
/F10 13.9219 Tf
0.7264 0 0 1 280.2 337.8898 Tm 13.9219 TL
()()Tj
/F10 13.7031 Tf
0.7379 0 0 1 409.08 331.1698 Tm ()4.93                                      
R
TT
TTTThq
2
ac4
s
4
ccacwt ,l
-
=-se+-=  
Where, wh  is the convective heat transfer coefficient due to wind, aT  is the 
ambient temperature, sT  the sky temperature, ()Tj
/F10 16.3867 Tf
0.6206 0 0 1 430.92 269.7298 Tm ()a-c ,rw2 hh
1R
+
=  the resistance 
between the cover and the ambient, and ()Tj
ET
Q
q
411.96 247.0498 3.48 16.2 re
W* n
BT
/F10 19.2969 Tf
0.5226 0 0 1 411.96 251.2498 Tm 19.2969 TL
()()Tj
/F10 13.7344 Tf
0.7344 0 0 1 400.68 237.3298 Tm ()ac
4
s
4
cc
-ac ,r TT
TTh
-
-se
=  the radiation heat 
transfer coefficient between the collector cover and the ambient. Hence, the 
heat loss through the top of the collector can be expressed by: - 
()Tj
ET
Q
q
153.36 179.3698 3.48 14.4 re
W* n
BT
/F10 17.1211 Tf
0.5905 0 0 1 153.36 183.2098 Tm 17.1211 TL
()
()Tj
/F10 13.7109 Tf
0.7374 0 0 1 155.28 167.4898 Tm ()
()Tj
ET
Q
q
205.68 179.3698 3.48 14.4 re
W* n
0 G
BT
/F10 17.1211 Tf
0.5905 0 0 1 205.68 183.2098 Tm 17.1211 TL
()()Tj
/F10 17.1211 Tf
0.5905 0 0 1 274.08 175.0498 Tm ()()Tj
/F10 13.7109 Tf
0.7374 0 0 1 409.2 175.0498 Tm ()94.4                                            TTU
R
TT
RR
TT
q aptop
top
ap
21
ap
t ,l -=
-
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-
=  
Where, 
top
top R
1U =  is the top loss coefficient.   
Figure 4.17 Thermal Network for a Single-cover Flat Plate Collector 
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Klein (1975) [16] developed an empirical equation for calculating the top 
loss heat coefficient; it is given by: - 
()Tj
/F10 17.2422 Tf
0.5853 0 0 1 321.36 657.5698 Tm ()()Tj
/F10 19.7109 Tf
 .512 0 0 1 372.96 657.6898 Tm ()
()Tj
/F10 17.2422 Tf
0.5853 0 0 1 300.6 634.4097 Tm ()
()Tj
/F10 13.8086 Tf
0.731 0 0 1 468 649.2897 Tm ()4.95         
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Where, N  is the number of glass covers, b  the collector tilt in degrees, ge  
and  pe  are glass and plate emittances,  aT  and pmT  are ambient and mean 
plate temperatures ( K0 ), wh  wind heat transfer coefficient ( Cm/W 02 ), and 
()Tj
ET
Q
q
216.12 530.7297 3.48 14.28 re
W* n
BT
/F10 17.2422 Tf
0.5864 0 0 1 216.12 534.4498 Tm 17.2422 TL
()()Tj
ET
Q
q
276.36 531.4498 3.48 3.56 re
W* n BT
/F10 13.8086 Tf
0.732  0 0 1 2 6.36 534.4498 Tm 13.8086 TL
()
()Tj
/F10 18.6445 Tf
0.5422 0 0 1 186.6 515.4897 Tm ()
÷
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ø
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ç
ç
è
æ
=
<b<=
<b<b-=
+e-+=
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00
02
pww
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100-10.43e
9070                             ,390C
700     ,000051.01520C
N07866.01h116.0h089.01f
  
The energy loss from the absorber plate to the ambient through the bottom of 
the collector is due to conduction through the insulation and then a 
combination of convection and radiation from the insulation to the ambient. 
It is represented by two series resistors, a resistance to heat flow through the 
insulation 3R  and a combined convection and radiation resistance to heat 
flow to the environment 4R . At steady state, the heat loss from plate to 
insulation equals the heat loss from the insulation to the ambient b,lq . The 
rate of heat transfer through the insulation b,lq  is given by: - 
()Tj
/F10 16.8828 Tf
0.5996 0 0 1 162.24 290.9698 Tm ()()Tj
ET
Q
q
211.68 295.4098 3.48 14.04 re
W* n
BT
/F10 16.8828 Tf
0.5996 0 0 1 211.68 299.1298 Tm 16.8828 TL
()()Tj
/F10 13.5234 Tf
0.7488 0 0 1 408.12 290.9698 Tm ()4.96                                                                
R
TT
TT
l
Kq
3
bp
bpb,l
-
=-=  
Where, 
K
lR3 = , K  and l  are the thermal conductivity and thickness of the 
insulation, and bT  is the temperature at the back of the insulation. The heat 
transfer from the bottom of the insulation to the ambient is given in terms of 
the convective and radiative coefficients -ab ,ch  and -ab ,rh  respectively as: - 
()Tj
/F10 13.9219 Tf
0.7266 0 0 1 174.36 169.2898 Tm ()()Tj
/F10 13.9219 Tf
0. 266 0 0 1 246.12 169.2898 Tm ()()Tj
ET
Q
q
295.68 173.0098 3.48 12.96 re
W* n
BT
/F10 13.9219 Tf
0.7266 0 0 1 295.68 176.0098 Tm 13.9219 TL
()()Tj
/F10 13.7031 Tf
0.7381 0 0 1 409.8 169.2898 Tm ()4. 7                                
R
TT
TThTThq
4
ab
aba-b ,raba-b ,cb,l
-
=-+-=  
Where, 
a-b ,ra-b ,c
4 hh
1R
+
= . 
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Because the temperature at the bottom of the casing is low, the radiation loss 
could be neglected and loss through the bottom can be expressed by: - 
()Tj
ET
Q
q
151.2 677.1298 3.48 14.04 re
W* n
BT
/F10 16.8828 Tf
0.5996 0 0 1 151.2 680.8497 Tm 16.8828 TL
()()Tj
/F10 13.5234 Tf
0.7488 0 0 1 407.76 672.6898 Tm ()4.98                                                                                             
R
TT
q
bot
ap
b,l
-
=  
Where, 43bot RRR += , and 
bot
bot R
1U =  is the bottom loss coefficient. 
Referencing the edge losses per unit collector area yields: - 
()Tj
/F10 13.7109 Tf
0.7376 0 0 1 407.04 577.2897 Tm ()4.99                                                                                              
R
TT
Q
edge
ap
e ,l
-
=  
Where, 
e
e
c
p
edge
edge L
K
A
A
U
R
1
==  the collector edge loss coefficient referenced to 
the collector area cA , eK  and eL  the thermal conductivity and thickness of 
edge insulation, and ()Tj
ET
Q
q
260.4 490.4098 3.48 13.2 re
W* n
BT
/F10 14.1367 Tf
0.715 0 0 1 260.4 493.5298 Tm 14.1367 TL
()tbL2Ap +=  the outside perimeter area of collector; L , b  
and t  are the length, breadth and thickness of the collector respectively. 
Assume all losses occurring between the mean plate temperature pT  and the 
ambient aT , the three heat losses can be combined and given in terms of the 
single parameter ‘collector overall heat loss coefficient LU ’ by:- 
()Tj
ET
Q
q
264.36 388.6498 3.48 13.44 re
W* n
BT
/F10 17.1211 Tf
0.5904 0 0 1 264.36 392.4898 Tm 17.1211 TL
()()Tj
ET
Q
q
330.84 3 8.6498 3.48 13.44 re
W* n
BT
/F10 17.1211 Tf
0.5904 0 0 1 330.84 392 4898 m 17.1211 TL
()()Tj
ET
Q
q
400.92 388.6498 3.48 13.44 re
W* n
BT
/F10 17.1211 Tf
0.5904 0 0 1 400.92 392.4898 Tm 17.1211 TL
()
()Tj
/F10 17.1211 Tf
0.5904 0 0 1 216.96 375.8098 Tm ()() j /F10 17.121 Tf
0.5904 0  1 254.28 375.8098 Tm ()()Tj
/F10 17 1211 Tf
0.590  0 0 1 316.68 375.8098 Tm ()()Tj
/F1  13.7109 Tf
0.7 4 0 0 1 411.72 375.8098 Tm ()4.1 0                       TTUTTUUU
TTUTTUTTUqqqq
apLapedgebottomtop
apedgeapbotaptopedge ,lb ,lt ,ltotal
-=-++=
-+-+-=++=  
The useful energy delivered to the solar collector uQ  equals the difference 
between the energy absorbed by the collector absorber S  and the total losses 
from the collector totq . For a collector of aperture area cA , the useful energy 
gain uQ  can be written as: - 
()Tj
ET
Q
q
192.96 272.9698 3.48 13.92 re
W* n
BT
/F10 17.6563 Tf
0.5734 0 0 1 192.96 276.8098 Tm 17.6563 TL
()[ ] ()Tj ET
Q q
407.88 273. 898 3.48 13.2 re
W* n
BT
/F10 14.1367 Tf
0.7161 0 0 1 407.88 276.8098 Tm 14.1367 TL
()4.101                                                                       TTUSAQ apLcu --=  
The performance of the collector is evaluated in terms of collector efficiency 
defined as the ratio of useful energy delivered by the collector of area is cA  
during a specified time period to the incident solar radiation on the collector 
during the same time period. The efficiency ch  is given by: - 
()Tj
/F10 13.8984 Tf
0.7283 0 0 1 410.64 164.2498 Tm ()4.102                                                                                               
SdtA
dtQ
c
u
c
ò
ò=h  
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The estimation of the energy absorbed by the absorber plate S  and the 
overall heat loss coefficient of the collector used in calculating the useful 
energy delivered by the flat plate collector uQ  involves the unknown mean 
plate temperature pmT . However, the temperature of the fluid entering the 
collector can be measured; hence equation 4.101 can be re-formulated in a 
manner to calculate the useful energy delivered by the collector in terms of 
the measurable fluid temperatures. 
 
 
Consider the absorber-fluid system shown in figure 4.18a. Assume absorber 
thickness in the z  direction is small compared to the x - and y -directions 
dimensions, hence uniform temperature. 
The solar radiation incident on the absorber plate heats the plate and then 
conducted towards the tube carrying the fluid. Expecting the maximum 
temperature of the absorber plate in the x -direction to be in the middle of the 
tube, the temperature profile will be as in Figures 4.18b and 4.18c.  
At any fixed distance y , the maximum plate temperature occurs at the mid 
point between two tubes; hence it can be assumed that there is no heat 
transfer across the mid point. Consider two fins attached to the two sides of a 
tube Figure 4.18a; due to symmetry consider a fin on only side is shown for 
the purpose of analysis (Figure 4.18d).  
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Figure 4.18 Schematic of an Absorber Fluid Tube Sub-system 
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Consider a fin of infinitesimal length xD  in x-direction and of unit length in 
y-direction, Figure 4.19, then xD  will the area of the fin and xSD  the energy 
absorbed by this unit. At steady state conditions, there is no accumulation of 
energy in the unit and the heat entering the unit is equal to the heat leaving 
the unit. The heat entering the unit is due to the absorbed solar energy falling 
on the unit and the heat conducted from the base of the fin. The heat leaving 
the unit is the heat conducted to the edge of the fin and the tube carrying 
fluid, and the heat lost to the ambient. An energy balance on the fluid 
flowing through a single tube of length xD  yields: - 
()Tj
/F10 14.332 Tf
0.7054 0 0 1 174.96 519.0897 Tm ()()Tj
/F10 14.1094 Tf
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dx
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Dividing through by xD  and go to the limit as xD  approaches zero yields: - 
()Tj
/F10 13.7109 Tf
0.7376 0 0 1 409.8 455.7298 Tm ()4.104                                                                       
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With the boundary conditions 0
dx
dT
0x
f =
=
 (no temperature potential at the mid 
point of tube due to symmetry at the centre line) and bLxf TT ==  (the 
temperature of the plate at a distance L  is the base (tube) temperature), the 
general solution of this second-order equation will be: - 
()Tj
/F10 13.8438 Tf
0.7314 0 0 1 408.48 315.2098 Tm ()4.105                                                                        
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Where, 
d
=
K
Um L . 
Thus the temperature of the absorber plate at any distance x  from the mid 
point of the tube is given by: - 
()Tj
/F10 13.8438 Tf
0.7311 0 0 1 408.48 174.9298 Tm ()4.106                                          
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As the fluid flows through the collector from inlet to outlet in the direction of 
flow, the fluid receives heat as it flows and so its temperature rises 
Figure 4.19 Energy Balance on Fluid Element 
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continuously and the fluid temperature profile at a fixed x could be expected 
to be as shown in figure 4.18b.  
Denote the useful energy delivered to a fluid entering an infinitesimal length 
yD  per unit length of the collector by uq , then yquD  will be the useful energy 
delivered to the fluid in the direction of flow. If the fluid enters the element 
at fT  and gains an infinitesimal temperature due to the heat gain; this can be 
expressed mathematically as: - 
()Tj
/F10 14.1094 Tf
0.7165 0 0 1 409.08 576.3298 Tm ()4.107    T
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Where, .m  is the mass flow rate through n  parallel tubes and pC  is the 
specific heat capacity of the fluid. 
The tube receives heat from both sides (fins) as well as from its top. Assume 
conductive heat flow at the fin base on one side of the tube, the rate of heat 
transfer to the tube region per unit length in the y-direction can be calculated 
as: -   
()Tj
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Where, 
mL
LmtanhF =  is the fin efficiency factor for straight fins with 
rectangular profile. 
Considering both sides of the tube, the rate of heat transfer to the base of the 
tube from the two fin sides is given by: - 
()Tj
ET
Q
q
196.92 235.6498 3.48 12.72 re
W* n
BT
/F10 13.9219 Tf
0.7273 0 0 1 196.92 238.6498 Tm 13.9219 TL
()()Tj
ET
Q
q
199.92 235.6498 3.48 12.72 re
W* n
BT
/F10 13.9219 Tf
0.7273 0 0 1 199.92 238.6498 Tm 13.9219 TL
()()Tj E Q q
4 0 64 235.6498 3.48 12.72 re
W* n
BT
/F10 13.703  Tf
0.7388 0 0 1 410.64 238.6498 Tm 13.7031 TL
()4.109                                                                      TUSFL2q abL2 --=  
In addition to the heat flow from the fin, the element xD  is also heated by 
solar radiation falling on its top surface. The energy collected per unit length 
in the direction of fluid flow just above the tube equals the absorbed energy 
minus the heat losses and is given by: - 
()Tj
ET
Q
q
136.44 143.1298 3.48 12.72 re
W* n
BT
/F10 13.7031 Tf
0.7364 0 0 1 136.44 146.1298 Tm 13.7031 TL
()()Tj
ET
Q
q
204.72 143.1298 3.48 12.72 re
W* n
BT
/F 0 13.9219 Tf
 .7249 0 0  204.72 146.1298 Tm 13.9219 TL
()()Tj
ET
Q
q
227.4 43.129 3.48 12.72 re W* n
BT
/F10 3.7 31 Tf
0.7364 0  1 27.4 46.1298 Tm 13.7031 TL
()()Tj
ET
Q
q
412.56 43.12 8 3.48 12.72 re
W* n
BT
/F10 13.7031 Tf
0.7364 0 0 1 412.56 146.1298 Tm 13.7031 TL
()4.1 0                                                           Dx1TTDU1DxSq abL3 --=  
Where, 1Dx  is the area above the tube and D  is the diameter of the tube. 
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The total useful energy gain per unit length in the direction of flow is thus 
given as: - 
()Tj
ET
Q
q
192.6 677.1298 3.48 12.72 re
W* n
BT
/F10 13.7031 Tf
0.7379 0 0 1 192.6 680.1298 Tm 13.7031 TL
()()Tj
ET
Q
q
263.16 677 1 98 3.48 12.72 re
W* n
BT
/F1  1 . 219 Tf
0.72 4 0 0 1 263.16 68 . 298 Tm 13.9219 TL
()()Tj ET
Q
q
266.16 677.1298 3.48 12.72 re W* n
BT
/F10 13.9219 Tf
0.7264 0 0 1 266.16 680.1298 Tm 13.9219 TL
()()Tj
ET Q
q
4 1.24 677.1298 3.48 12.72 re
W* n
BT
/F10 13.7031 Tf
0.7379 0 0  411.24 680.1298 Tm 13.7031 TL
()4. 11                                            TUSDFL2qqq abL32u --+=+=  
Equation 4.111 giving the useful energy gain per unit length uq  contains the 
unknown base temperature bT . 
However, the useful energy gain at the top of the tube region is transferred to 
the fluid against the bond resistance, tube wall resistance and the convective 
resistance between inner tube wall and fluid. At steady state, the rate of heat 
transfer from the fin and top of the tube uq  is therefore equal to the rate of 
heat transfer through the bond, tube wall and to the fluid. The tube wall 
resistance is negligible compared to the other two; the resistance is actually 
across the temperature at the tube base bT  and the temperature of the fluid fT
. Thus: - 
()Tj
ET
Q
q
158.4 475.2898 3.48 12.96 re
W* n
BT
/F10 13.9414 Tf
0.7253 0 0 1 158.4 478.2898 Tm 13.9414 TL
()
()Tj
/F10 13.7266 Tf
0.7368 0 0 1 144.12 450.8098 Tm ()
()Tj
/F10 13.7266 Tf
0.7368 0 0 1 408.84 471.5698 Tm ()4.112                                                                                    
C
1
Dh
1
TT
q
bif
fb
u
+
p
-
=  
Where, fh  is the convective heat transfer coefficient between the inner tube 
wall and the fluid, iD  is the inner tube diameter and, bC  is the bond 
conductance. The bond conductance per unit length can be estimated from 
knowledge of bond thermal conductivity bK , average thickness bt , and width 
b  by: - 
()Tj
/F10 13.7031 Tf
0.7379 0 0 1 411.6 330.3298 Tm ()4.113                                                                                                     
t
bK
C
b
b
b =  
Determining bT  explicitly from equation 4.111, and substituted in equation 
4.112 yield: - 
()Tj
ET
Q
q
198.36 255.8098 3.48 15.24 re
W* n
BT
/F10 14.3633 Tf
0.704 0 0 1 198.36 258.9298 Tm 14.3633 TL
()()Tj
ET
Q
q
201.36 255.8098 3.48 15.24 re
W* n
BT
/F10 14.3633 Tf
0.704 0 0 1 201.36 258.9298 Tm 14.3633 TL
()()Tj E Q
q
4 1 72 255.8 98 3.48 15. 4 re
W* n
BT
/F10 1367 f 0.7152 0 0 1 411.72 258.9298 Tm 14.1367 TL
().114                                                                     TUSWFq afL'u --=  
Where, 'F  is the collector efficiency factor. 
The collector efficiency factor is defined as the ratio of the actual useful 
energy gain to the useful gain if the collector absorbing surface (plate) is at 
the local fluid temperature; it is calculated by: - 
()Tj
/F10 13.8438 Tf
0.7302 0 0 1 174.48 130.0498 Tm ()
()Tj
/F10 13.8438 Tf
0.7302 0 0 1 411.36 154.2898 Tm ()4.115                                                    
C
1
Dh
1
LFDU
1W
U1
F
biin ,fL
L'
ú
ú
û
ù
ê
ê
ë
é
+
p
+
+
=  
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The denominator of equation 4.115 is the heat transfer resistance between 
the fluid and the ambient air 
oU
1  while the numerator is the heat transfer 
resistance from the absorber plate to the ambient air 
LU
1 . Thus the collector 
efficiency factor gives the ratio of the thermal resistance between the 
absorber plate and the ambient air to the thermal resistance between the fluid 
and the ambient air, 
L
o'
U
UF = . 
Substituting the value of uq  from equation 4.114 in equation 4.107, dividing 
it by yD  and re-arranging yield: - 
()Tj
/F10 13.8828 Tf
0.7283 0 0 1 409.92 524.6097 Tm ()4.116                                                                  dy
Cm
UnWF
U
STT
Td
P
.
L
'
L
af
f -=
-+
 
Assume 'F , LU  and pC  to be constant and integrating between limits from 
collector inlet ( 0y = ) to at any point y  where the fluid temperature is fT : - 
()Tj
/F10 13.8438 Tf
0.7305 0 0 1 408.84 417.3298 Tm ()4.117                                                       
Cm
ynWFU
exp
U
STT
U
STT
P
.
'
L
L
ain ,f
L
af
÷
÷
÷
ø
ö
ç
ç
ç
è
æ
-
=
--
--
 
Equation 4.117 allows estimating the fluid temperature fT  in the direction of 
flow at any distance y  from the temperature entering the collector. The 
temperature of the fluid leaving the collector out,fT  can be obtained by 
substituting Ly =  for the length of the collector in the flow direction: -   
()Tj
/F10 13.8438 Tf
0.7304 0 0 1 411.84 271.5298 Tm ()
()Tj
/F10 13.8438 Tf
0.7304 0 0 1 410.04 216.0898 Tm ()4.119               
Cm
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U
STT
U
STT
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Where, nWLAc =  is the collector area. 
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To express the total useful energy gain by the collector in terms of the fluid 
inlet temperature, a heat removal factor11 RF  similar to the effectiveness in a 
conventional heat exchanger is defined. The collector heat removal factor 
relates the actual collector useful energy gain to the maximum useful energy 
gain. Noting that ()Tj
/F10 18.6523 Tf
0.7579 0 0 1 299.04 642.6898 Tm ()in ,fout ,fp
.
TTCm -  is the total useful energy gain by the 
collector uQ , and ()Tj
ET
Q
q
277.8 618.0897 3.48 13.44 re
W* n
BT
/F10 16.4258 Tf
0.6106 0 0 1 277.8 621.6898 Tm 16.4258 TL
()[ ]ain ,fLc TTUSA --  is the maximum useful energy gain (the 
heat transfer rate if the entire absorber plate were operating at a temperature 
equal to the entering fluid temperature) yields: -   
()Tj
/F10 16.5156 Tf
0.613 0 0 1 240.48 559.7698 Tm ()
()Tj
/F10 16.5156 Tf
0.613 0 0 1 244.08 543.8098 Tm ()[ ] ()Tj
/F10 13.8516 Tf
0.7308 0 0 1 410.28 551.3698 Tm ()
()Tj
/F10 16.5156 Tf
0.613 0 0 1 220.92 527.2498 Tm ()[ ] ()Tj
/F10 13. 516 Tf
0.7308 0 0 1 410.88 527.2498 Tm ()4.121                                                            TTUSAFQ
4.120                                                      
TTUSA
TTCm
Q
Q
F
ain,fLcRu
ain ,fLc
in ,fout ,fp
.
max ,u
u
R
--=
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Where, ''F  is a function of the single variable ‘dimensionless collector 
capacitance rate’ '
Lc
p
.
FUA
Cm  called the flow factor and given by: - 
()Tj
/F10 13.8594 Tf
0.7306 0 0 1 410.76 638.6097 Tm ()4.124                                               
Cm
FUA
exp1
FUA
Cm
F
F
F
p
.
'
Lc
'
Lc
p
.
'
R''
ú
ú
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û
ù
ê
ê
ê
ë
é
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÷
÷
ø
ö
ç
ç
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è
æ
--==  
Equating equations 4.117 and 4.120, and solve for the mean plate 
temperature pmT  yields: - 
()Tj
/F10 13.8438 Tf
0.7289 0 0 1 202.56 533.1298 Tm ()()Tj
/F10 13.8438 Tf
0.7289 0 0 1 397.68 533.1298 Tm ()4.125                                                                 F-1
UF
A
Q
TT R
LR
c
u
in ,fpm
÷÷
ø
ö
çç
è
æ
+=  
Equation 4.125 can be solved in an iterative manner with equation 4.95 to 
obtain the plate mean temperature pmT . 
However, the radiation absorbed by the absorber plate S  can be written in 
terms of total radiation incident on the collector surface tI  and the effective 
transmittance absorptance product ()Tj
ET
Q
q
298.56 421.7698 3.48 13.2 re
W* n
BT
/F10 14.2031 Tf
0.707 0 0 1 298.56 424.8898 Tm 14.2031 TL
()at  as: - 
()Tj
ET
Q
q
198.72 400.6498 3.48 13.92 re
W* n
BT
/F10 17.6563 Tf
0.5727 0 0 1 198.72 404.4898 Tm 17.6563 TL
()[ ] (4.126)                                                                       TTUSAQ apmLcu --=  
Ͷ.ͳͳ The Thermal Fluid Storage Tank Modelling 
A storage tank, representing only one component of several that makes up an 
entire solar system, plays a role in how a system will perform. Dividing the 
tank into equal number of segments is a quick and easy modelling method 
but not as accurate as specifying each node height individually. Losses from 
the tank to the environment occur from both the sides and the top and are not 
always uniform. Natural convection heat transfer from a vertical surface is 
generally greater than from a horizontal surface. A pipe attached to the tank 
allows heat to be conducted to the environment more rapidly than if it were 
not there. By specifying a loss coefficient less than zero for a certain node, 
the loss per unit area for that node will be less than the loss per unit area for 
the rest of the tank. Similarly, specifying a loss coefficient greater than zero 
for a node adds a loss coefficient to that region to account for the extra losses 
that would occur through the pipe. To better account for variation in surface 
losses, the modelling method must allow the user to change the node's height 
and loss coefficient manually. 
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Inlet fluid mixing will occur depending on the temperature difference 
between the inlet fluid and tank, and velocity of the entering fluid. One of 
the methods used to reduce inlet fluid mixing that occurring when inlet fluid 
is not at the same temperature as of the node it enters, is to maintain the 
incoming fluid temperature very close to the node temperature [16]. 
However, conduction through the fluid in the tank causes the nodes to come 
into thermal equilibrium. Assume the wall and fluid to be at the same 
temperature at each node, the heat flow from node i  to node 1i+  will be 
given by: - 
()Tj
/F10 13.7344 Tf
0.7362 0 0 1 278.16 554.7297 Tm ()()Tj
/F10 13.7344 Tf
0.7362 0 0 1 353.64 554.7297 Tm ()()Tj
/F10 13.7344 Tf
0.7 62 0 0 1 411.72 554.7297 Tm ()4.127           TT
x
KA
TT
x
AK
qqq 1ii
c
1ii
wall ,cwall
fluidwalltotal ++ -D
+-
D
=+=
Where, wall ,cA  and cA  are wall and tank cross-sectional areas (both 
perpendicular to the direction of heat flow). Referring again to Figure 4.20, 
as the fluid near the entrance in node i  heats up, buoyancy forces will cause 
it to rise into node 1i + , causing mixing between the nodes. At the same time, 
the fluid in node 1i +  will cool, causing it to sink into node i . The process is 
continuous and the nodes are mixed together at the same time. Ideally, all 
nodes that get mixed should be combined into one large node. The difficulty 
is that node temperatures must be known at each time in order to combine 
nodes. 
 
 
The rising warm fluid would have momentum associated with it. The 
momentum of the rising fluid does not penetrate into a node of warmer 
temperature. Upper nodes are not mixed together until the upper node heats 
up to the temperature of the node just below it. For any tank of uniform cross 
section, the cross sectional area is: - 
Insulation
i Node
1i Node +
xD
wall Tankwall
q fluidq
Figure 4.20 Conduction between Nodes due to Tank Wall 
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()Tj
/F10 13.7031 Tf
0.7381 0 0 1 409.92 712.5297 Tm ()4.128                                                                                                  
H
V
A
ktan
ktan
c =  
And the surface area is: - 
()Tj
ET
Q
q
408.84 657.4498 3.48 12.72 re
W* n
BT
/F10 13.7031 Tf
0.7379 0 0 1 408.84 660.4498 Tm 13.7031 TL
()4.129                                                                                     A2PHA cktans +=  
Where, P  is the perimeter of the storage tank. The major difference between 
a square tank and a cylindrical tank is the area through which the tank can 
lose heat to the environment. A cylindrical tank does not have a uniform 
cross-section. By specifying the tank's volume, height, and perimeter, all 
needed areas can be calculated. It is usually more desirable to divide a tank 
in N equal volume segments rather than N segments of equal height. This 
makes computing the node heights rather difficult. Because of the 
complexities associated with calculating nodes of equal volumes, the 
program guesses a height value and solves the final value iteratively. 
 
 
After specifying which features to be included in the tank model, the 
program assembles the energy balance equation that must account for all 
possible energy flows into and out of a node. Figure 4.21a shows a load 
drawing hot fluid off the bottom of a storage tank in which hot thermal fluid 
from a solar collector heater enters at the bottom. Figure 4.21b shows all 
energy flows that could occur in a node. 
Following the mathematical model described by Beckman et al [16], assume 
the storage tank has uniform losses and fully mixed, the differential form of 
the node energy balance taking all the energy flows into account will be 
given by: - 
heatercollector 
solar  From    
load To
tenvironmen the to Losses
hi node
()Tj
/F10 10.8242 Tf
0.8234 0 0 1 462 490.0498 Tm ()i1i
1ii
wall ,cwall TT
x
AK
-
D ++®
outpout
.
TCminp
in
.
TCm
()Tj
ET
Q
q
229.56 369.6898 2.64 8.76 re
W n
BT
/F10 9.3594 Tf
0.8128 0 0 1 229.56 371.7298 Tm 9.3594 TL
()a ()Tj
ET
Q
q
410.28 369.5698 2.64 8.76 re
W n
BT
/F10 9.3594 Tf
0.8155 0 0 1 410.28 371.6098 Tm 9.3594 TL
()b
()Tj
/F10 10.875 Tf
0.8194 0 0 1 461.04 390.8098 Tm ()1ii
i1i
wall ,cwall TT
x
AK
-
®-
-
D
Figure 4.21 Possible Tank Setup and Energy Flows in a Node 
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()Tj
/F10 13.6875 Tf
0.7388 0 0 1 409.44 712.5297 Tm ()4.130                                                                        QQQ
dt
dTCM eLdipi --=  
The rate of energy delivered to the node dQ  can be assumed to be equal to 
uQ . Assume the temperature of fluid leaving the storage tank out ,fT  is equal 
to the node temperature iT , the energy delivered to the load LQ  can be 
written in terms of fluid mass-specific heat capacity product ()Tj
ET
Q
q
487.8 623.1298 3.84 14.88 re
W* n
BT
/F10 18.75 Tf
0.5948 0 0 1 487.8 627.2097 Tm 18.75 TL
()
fpf
mCC =  and 
fluid temperature rise ()Tj
ET
Q
q
261.6 602.2498 3.84 14.76 re
W* n
BT
/F10 17.9414 Tf
0.6292 0 0 1 261.6 606.2097 Tm 17.9414 TL
()in ,fi TT -  as: - 
()Tj
ET
Q
q
171.24 579.5698 3.48 13.44 re
W* n
BT
/F10 16.4258 Tf
0.6157 0 0 1 171.24 583.1697 Tm 16.4258 TL
()(4.131)                                                                                 TTCQ in ,fifL -=  
The storage tank loss eQ  is given in terms of storage tank loss coefficient-
area product ()Tj
ET
Q
q
184.68 536.9697 3.84 14.4 re
W* n
BT
/F10 15.3828 Tf
0.7206 0 0 1 184.68 540.3298 Tm 15.3828 TL
()sUA  and tank-ambient air temperature difference by: - 
()Tj
ET
Q
q
133.56 513.9297 3.48 12.72 re
W* n
BT
/F10 13.7031 Tf
0.7388 0 0 1 133.56 516.9297 Tm 13.7031 TL
()() j
ET Q
q
174.48 513.9297 3.48 12.72 re
W* n
BT
/F10 1 .9219 Tf
0.7273 0 0 1 174.48 516.9297 Tm 1 .9219 TL
()(4.132)                                                                             TTUAQ aise -=  
Hence, equation 4.130 can be written as: - 
()Tj
/F10 13.7344 Tf
0.7371 0 0 1 165.12 466.0498 Tm ()()Tj
/F10 13.9492 Tf
0.7256 0 0 1 203.28 466.0498 Tm ()()Tj
/F10 13.7344 Tf
0.7 71 0 0 1 282.24 466.0498 Tm ()()Tj
/F1 6 371 Tf
0 61 0 0 1 349.08 466.0498 Tm ()()Tj
/F10 13.7344 Tf
0.7371 0 0 1 414.24 466.0498 Tm ()4 33              T-TCTTCmT-TUA
dt
dTCM out f,ifiinpin
.
ais
i
pi +-+=  
With the exception of node temperatures, all the variables in equation 4.133 
remain constant for the entire program time step. As all of the constants can 
be grouped together to become a coefficient on each node temperature, 
equation 4.133 will take the form: - 
()Tj
/F10 13.8242 Tf
0.7315 0 0 1 409.56 362.7298 Tm ()
()Tj
/F10 13.8242 Tf
0.7315 0 0 1 412.32 298.7698 Tm ()4.135                                            
d
d
d
d
d
T
T
T
T
T
ba
cba
cba
cba
cb
 
dt
dT
dt
dT
dt
dT
134.4                                                                dTcTbTa
dt
dT
5
4
3
2
1
5
4
3
2
1
55
444
333
222
11
5
2
1
i1iiii1ii
i
ú
ú
ú
ú
ú
ú
û
ù
ê
ê
ê
ê
ê
ê
ë
é
+
ú
ú
ú
ú
ú
ú
û
ù
ê
ê
ê
ê
ê
ê
ë
é
ú
ú
ú
ú
ú
ú
û
ù
ê
ê
ê
ê
ê
ê
ë
é
=
ú
ú
ú
ú
ú
ú
ú
ú
ú
û
ù
ê
ê
ê
ê
ê
ê
ê
ê
ê
ë
é
+++= +-
M
M
 
Equation 4.131 can be solved using either analytically or numerically. 
However, the analytical solution requires simultaneously solving a set of 
non-homogeneous differential equations. In addition, mixing of nodes 
changes the final nodes temperatures in a manner that is not included in the 
energy balance equation and renders obtaining accurate value of Tnew 
pointless. The solution method must work with both T and the temperature 
of the node after performing the solution method and mixing Tnew. 
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Expressing the temperature derivative in the form 
t
TT
dt
dT i1ii
D
-
= + , the forward 
Euler solution computes the new temperature as: - 
[ ] ()Tj
ET
Q
q
411.24 664.8898 3.48 12.84 re
W* n
BT
/F10 13.7773 Tf
0.7339 0 0 1 411.24 667.8898 Tm 13.7773 TL
()136.4                                               TdTcTbTatT ii1iiii1iii,new ++++D= +-  
Because the average temperature is the key element for accurate calculations 
of tank energy balance, the numerical method computes the average 
temperature using the following equation: - 
()Tj
ET
Q
q
167.64 588.0897 3.48 13.44 re
W* n
BT
/F10 16.3711 Tf
0.6175 0 0 1 167.64 591.6898 Tm 16.3711 TL
()()Tj
/F10 13.7344 Tf
0.7362 0 0 1 409.08 583.7698 Tm ()137.4                                                                                     
2
T
T ii,newaver
+
=  
Hence, equation 4.135 becomes: - 
()Tj
/F10 16.3867 Tf
0.616 0 0 1 213.36 527.9697 Tm ()()Tj
/F10 16.3867 Tf
0.616 0 0 1 285.6 527.9697 Tm ()()Tj
/F10 1 .386  Tf
0.61 0 0 1 3 1.64 527.9697 Tm ()()Tj
/F10 13.7 83 Tf
0. 344 0 0 1 452.4 527.9697 Tm ()4.138   TdTT
2
cT
2
bTT
2
atT ii1i ,new1i
i
i ,newi
i
1i ,new1i
i
i ,new +ú
û
ù
ê
ë
é
++++++D= ++--  
The method then computes the new temperature by looping through equation 
4.138 until the change in i ,newT  is less than some specified value. 
Ͷ.ͳʹ  Concluding Remarks 
A finite difference model was used to develop the heat and mass transfer 
governing equations of the liquid desiccant evaporative water cooler. The 
system modelling performed in this thesis is intended to show a possible 
approach for modelling a hybrid liquid desiccant cooling system. The 
configuration presents the addition of an air-to-air plate heat exchanger, 
finned water-to-water sensible cooling coil to cool the process air before it 
enters the absorber, and an evaporative water cooler. In addition of providing 
cold water for the radiant system, the cooling tower provides cold water for 
the water-to-solution heat exchanger cooling the solution entering the 
absorber and the cooling tubes within the absorber responsible for 
maintaining the solution temperature inside the absorber constant. Operated 
using solar energy or any source of energy that would be otherwise wasted, 
is another advantage of the system. 
However, the use of the solution-to-solution heat exchanger to retrieve 
energy from the hot solution leaving the regenerator for pre-heating the 
solution entering the regenerator and pre-cooling the solution entering the 
solution-to-water cooler will decrease the required heating and cooling. 
The physical principle of desiccant evaporative cooling is to use desiccant 
dehumidification to enhance evaporative cooling potential at given 
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environmental conditions and to control the humidity of ventilation air. 
Evaporative cooling uses the evaporation of water to cool the air/water; the 
lower the air relative humidity, the higher is the evaporative cooling 
potential. As such, this cycle can provide process air at the desired 
temperature and humidity states for water cooling as well as ventilation 
requirements. Ventilation air may be supplied at room design condition; 
thereby eliminate further treatment.  
Simple system configuration with a solar collector as only heat source for the 
cooling cycle is a promising concept for radiant cooling applications 
especially under hot humid climatic conditions. An auxiliary heater may be 
needed during cloudy conditions. The system concept utilizes solely solar 
energy; hence a solar heating model has been included to evaluate the system 
performance under any meteorological conditions. The model calculates the 
required heating fluid storage volume; hence the collector array and storage 
investment costs can be calculated as a function of collector array size and 
solar fraction. 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
116 
 
 
 
CHAPTER FIVE 
5 SIMULATION RESULTS AND PARAMETRIC STUDY 
ͷ.ͳ Preamble 
This section presents the results of the numerical simulations carried out to 
study the performance of the solar-operated liquid desiccant evaporative 
cooling system. The section starts by depicting the results of the numerical 
experiments performed to validate the numerical model and followed by 
introducing the results of the parametric study conducted to investigate the 
effect of solution concentration and air salt-water ratio on the performance of 
the system. To show the potential of the developed system as alternative 
cooling strategy in reducing primary energy consumption, the investigation 
considers a poultry enclosure. 
The program gives moist air, salt-water solution and water conditions at each 
step of numerical calculation starting from air inlet end. Property sub-
programs contained in the program serve to provide thermodynamic 
properties of the different working fluids. The property sub-program for 
LiCl-water, the particular working fluid employed in this study, constitutes 
correlations derived from the work of Manuel R. Conde [20]. 
However, to simplify and numerically solve the governing equations, 
discussed earlier in Chapter 4 the study neglected the heat transfer with the 
surroundings, assumed uniform inlet conditions for air and water and 
constant mass flow rate of dry air. 
ͷ.  ʹ Model Validation 
Validation comprises five components, not all of them need to be applied in 
a given context. These include: - 
1. Theoretical verification of the developed computer model to confirm that 
the theory is appropriate in terms of its application and scope. It is done by 
developing the theory into a form that can be modelled.  
2. Source code inspection to ensure correct implementation of the selected 
algorithms. 
3. Analytical verification to compare the output of the whole package or part 
of it with the analytical solution for relatively simple problem. 
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4. Inter-program comparison to compare the calculated results from the 
developed scheme with other schemes within the program, or other better 
validated programs. 
5. Empirical validation to compare the output of the program with monitored 
results from a real structure. 
Validation of the numerical model is necessary to verify its ability in 
predicting the solar-operated liquid desiccant evaporative cooling system 
performance. This study runs the mathematical models derived in Chapter 4 
to analyze the performance of the proposed solar-operated liquid desiccant 
evaporative cooling system, and to ensure correct implementation of the 
selected algorithms. The model is verified by running numerical simulations 
using the system parameters listed in Table 5.1. In conducting the results, the 
numerical simulation considered a system that draws 5097 m3/hr (4000 
ft3/min) of air and uses aqueous LiCl solution with 30% mass concentration 
as a desiccant, and runs the program against steady state conditions to obtain 
the system output values. 
The numerical simulations yield process air temperature and humidity, water 
temperature at the evaporative cooling system outlet as well as heat duties of 
the various system components as functions of the specified conditions at 
inlet and other operating conditions. To predict the cooling capacity and 
energy requirements of the system; the simulation program evaluates the 
operating conditions (temperature, concentration, humidity ratios, etc.) at 
each point such that the whole system mass and energy balance equations are 
satisfied along with the performance characteristics of the individual 
components. The design conditions were selected such that uniform 
distribution of weak solution on the horizontal tubes is practically feasible. 
The finite difference scheme is modeled to calculate the minimum number of 
cooling tubes rows to accomplish the given amount of water vapor 
absorption. Table 5.2 summarizes results of the simulations performed under 
Khartoum weather conditions as obtained from Sudan Meteorological 
department [58]. 
Table 5.1 Liquid Desiccant System Parameters 
Design Point Parameters 
Ambient air dry bulb temperature 
 
430 C 
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Ambient air moisture content 
Temperature of cooling air entering air-to-air plate 
heat exchanger 
Temperature of cooling water entering finned 
water-to-air sensible coil 
Temperature of cooling water entering water-to-
solution cooler 
Temperature of hot solution entering solution-to-
solution pre-heater 
Temperature of salt-water solution entering the 
absorber 
Temperature of thermal fluid entering shell-and-
tube heat exchanger 
Salt-water solution mass flow rate entering 
absorber 
Salt-water solution mass flow rate through 
regenerator 
Cooling air mass flow rate through air-to-air heat 
exchanger 
Salt-water concentration 
Cooling water mass flow rate entering finned 
water-to-air coil 
9.7 g/kg 
280 C 
160 C 
160 C 
650 C 
250 C 
750 C 
0.47 
kg/sec 
0.28 
kg/sec 
1.61 
kg/sec 
0.3 
kgsalt/kg 
1.3 kg/sec 
Air volume flow rates 
Through air-to-air, finned water-to-air heat 
exchangers, and absorber 
Through evaporative water cooler 
Through regenerator 
 
1.88 
m3/sec 
1.51  
m3/sec 
1.04  
m3/sec 
Absorber width 
Absorber length 
1.1 m 
2.2 m 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
119 
 
 
 
Absorber cooling coil sizes: 
Inside diameter 
Outside diameter 
 
20.93 mm 
23.8  mm 
Evaporative water cooler width 
Evaporative water cooler length 
1.1 m 
2.2 m 
Regenerator width 
Regenerator length 
0.88 m 
0.88 m 
 
Table 5.2 Solar-operated Liquid Desiccant System Simulation Results 
Temperature of process air leaving the absorber 
Moisture content of process air leaving the 
absorber 
Temperature of hot solution entering solution-to-
solution pre-heater 
Temperature of salt-water solution entering the 
absorber 
Temperature of thermal fluid entering shell-and-
tube heat exchanger 
Salt-water solution mass flow rate through 
absorber 
Salt-water solution mass flow rate through 
regenerator 
Cooling water mass flow rate through solution-to-
solution cooler 
Cooling water mass flow rate through finned 
water-to-air coil 
Cooling water mass flow rate through absorber 
cooling coil 
Water mass flow rate through evaporative tower 
27.50 C 
6.3 g/kg  
650 C 
220 C 
750 C 
0.47 
kg/sec 
0.28 
kg/sec 
0.126 
kg/sec 
0.38 
kg/sec 
0.52 
kg/sec 
1.5 kg/sec 
250 C 
17.50 C 
10.97 kW 
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Temperature of water entering the evaporative 
cooler 
Temperature of water leaving the evaporative 
cooler 
Cooling duty required in the absorber cooling coil 
ͷ.  ͵ Parametric Study 
The parametric study process is quite complex and depends on many input 
parameters. To analyze the proposed design, the program uses the 
configuration parameters of the desiccant system, the mass flow rate of the 
process air, and the weather data as obtained from Sudan Metrological 
department as fixed inputs. The program varies only one of the operating 
parameters (cooling water mass flow rate, solution mass flow rate, solution 
concentration, etc.) at a time keeping all others fixed at their design value. 
The modular form of the developed computer code gives the possibility to 
simulate a variety of desiccant systems in varying cycle configurations and 
with different working fluids. 
This section presents the results of the numerical simulations conducted to 
study the effect of changing salt-water solution concentration and mass flow 
rate on the dehumidifier performance (temperature and moisture content of 
air leaving the absorber, heat removed from the absorber and regenerator 
heating duty) and the evaporative cooler performance (temperature and mass 
flow rate of water leaving the evaporative cooler). The section starts by 
presenting the effects of solution mass flow rate and concentration on the 
dehumidifier performance then followed by studying their effects on the 
evaporative cooler. The concentration is varied in the range 0.3 and 0.4 and 
the solution mass flow rate in the range of 0.175 and 0.5 (corresponding air-
to-solution mass ratio in the range of 11.5 to 4.5). The air-to-solution mass 
ratio is defined as the ratio of the mass flow rate of process air entering the 
desiccant dehumidifier to the mass flow rate of salt-water solution entering 
the dehumidifier distribution system. 
ͷ. .͵ͳ Temperature and Moisture Content of Air leaving the 
Desiccant Dehumidifier 
The temperature and moisture content of the air leaving the dehumidifier are 
defined as the minimum temperature and moisture content attained by the air 
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stream as it travels in the vertical direction inside the desiccant dehumidifier, 
as shown in Figures 5.1 and 5.2. 
The simulation program analyzed the effect of solution concentration and 
mass flow rate, and air-to-solution mass flow rate for representative of 
simulation parameters because they have great influence on the system-
dehumidifying rate (temperature and humidity ratio of process air entering 
the evaporative cooler) and the system coefficient of performance COP. 
Figure 5.1 show the variation of the temperature of air leaving the absorber 
as a function of absorber height for two sets of solution concentrations and 
different solution mass rates. Figure 5.1 illustrates that the air temperature 
initially increases quite rapidly as it flows in the upward direction, and then 
gradually decreases; the regenerator exhibits a similar behaviour. 
Results of the numerical simulation show that the interfacial temperature is 
always greater than the solution temperature; this is due to heat absorption at 
the liquid-vapor interface. The cooling water mean temperature sharply 
increases representing the entry into the assembly of the cooling tubes. The 
difference between the air, liquid, air-liquid interface, and cooling water 
temperatures can lead to the conclusion that the liquid-side heat transfer 
resistance is negligible in comparison to the other constituents of heat 
transfer resistance. 
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Figure 5.1: Effect of Salt-water Solution Concentration on Temperature 
of Air Supplied to the Evaporative Water Cooler 
However, the air heat transfer resistance also becomes comparable to the 
salt-water solution heat transfer resistance at the upper section. It is the 
cooling water side heat transfer resistance that dominates the overall heat 
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transfer resistance at the absorbers’ upper section. The salt-water solution 
temperature decreases as the solution flows over the cooling tubes and 
increases as the solution flows between the cooling tubes. The flow of 
solution on the cooling tubes decreases the solution temperature and makes 
the solution more sub-cooled. As the solution flows between the cooling 
tubes, it absorbs water vapour and the unavailability of a heat rejection 
mechanism causes the salt-water solution to get closer to saturation 
conditions. The effect of the cooling tubes in decreasing the salt-water 
solution temperature is more significant than the effect of water vapour 
absorption in increasing the salt-water solution temperature between the 
tubes; the net result is a decrease in the solution temperature from the top to 
the bottom of the absorber. 
Figure 5.1 shows that the air temperature attained depends on the absorber 
height, the mass flow rate of the process air, the solution concentration and 
mass flow rate. This behavior is supported with the analytical investigation 
presented in Chapter 4, which indicates that: - 
()Tj
/F10 13.9141 Tf
0.7254 0 0 1 404.64 435.8098 Tm ()1.5                                                                                      
dAh
dim
TT
ia,c
aa
.
iout,a +=  
Equation 5.1 suggests that the temperature of the air leaving the dehumidifier 
decreases by increasing either the solution concentration (lower interface 
temperature) or the mass flow rate for the same. 
Figure 5.2 shows the variation of the moisture content of air leaving the 
absorber as a function of the absorber height for two sets of solution 
concentration and different solution mass rates. It illustrates that the value of 
the moisture content decreases as the process air travels vertically through 
the absorber and that the slope of the curve tends to become flat. The height 
after which the slope of the curve tends to become flat depends on the mass 
flow rate of the process air, the solution concentration and mass flow rate; 
the regenerator exhibits a similar behaviour. 
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Figure 5.2: Effect of Salt-water Solution Concentration on Moisture 
Content of Air Supplied to the Evaporative Water Cooler 
As expected the dehumidification performance of the desiccant system 
increases as the absorber height increases. The air humidity ratio decreases 
as it flows upward in the absorber, eventually becoming zero at the top 
section. This is consistent with the design criterion of complete absorption of 
the water vapor which results in an increase of the salt water solution mass 
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flow rate. It is evident from the curves that the higher concentration and the 
lower the air-to-solution mass ratio the better the dehumidification. For a 
fixed air-to-solution mass ratio, the humidity ratio tends towards a constant 
value as the salt-water solution flow rate increases.This behavior is 
supported with the analytical investigation presented in Chapter 4, which 
indicates that: - 
()Tj
ET
Q
q
238.8 613.2897 3.48 13.44 re
W* n
BT
/F10 16.1484 Tf
0.625 0 0 1 238.8 616.7698 Tm 16.1484 TL
()()Tj
/F10 13.5469 Tf
0.7452 0 0 1 403.8 609.2097 Tm ()2.5                                                    
m
dAWWMK
WW
a
.
iein,awv
in,aout,a
-
-=  
The above equation suggests that the moisture content of the air leaving the 
dehumidifier decreases, for a fixed dry air mass flow rate, by increasing 
either the solution concentration (lower equilibrium vapour pressure thereby 
lower equilibrium moisture content iW ) or the interfacial area (increasing the 
absorber height for the same cross sectional area). Results show that solution 
mass flow rates of 0.35 to 0.47 kg/sec and concentration of 40% produce 
good degree of dehumidification in the absorber while stay safely away from 
the crystallization limit of the solution. 
ͷ. .͵  ʹThe heat removed from the absorber 
Figure 5.3 illustrates the variation of heat removed from the absorber as a 
function of the absorber height. The results indicate that the removed heat 
decreases and tends to diminish as the process air approaches the top of the 
absorber; the regenerator heat duty (not shown here) exhibits a similar 
behaviour. The cooling water temperature increases for a while as the salt-
water solution flows down the cooling coil. At the top section of the 
absorber, heat transfer from the salt-water solution to cooling tubes region is 
less than the heat transferred to the salt-water solution by the heat of 
absorption. This is due to the fact that sub-cooling has a combined 
contribution on the heat transfer from salt-water solution to cooling tubes 
region, and the mass transfer from air to cooling tubes region. The cooling 
water temperature increases while flowing through the tubes due the 
rejection of heat to the cooling water. 
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Figure 5.3: Effect of Salt-water Solution Concentration on the Heat 
Removed from the Absorber 
Results show that regeneration requires a heat duty of 13.1 kW where flow 
rate of ambient air supplied is 2.01 kg/sec. The figure indicates that the 
moisture content and mass flow rate of the process air supplied to the 
absorber/regenerator have more significant effect on the removed heat than 
the solution concentration. 
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ͷ. .͵  ͵Temperature and Mass Flow rate of water leaving 
Evaporative Cooler 
 
Figure 5.4: Effect of Salt-water Solution Concentration on the 
Temperature of Water leaving the Evaporative Cooler 
Figure 5.4 illustrates the variation of the temperature of water leaving the 
evaporative cooler as a function of cooler height. The results indicate that the 
temperature of the water decreases by increasing either the solution 
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concentration or the mass flow rate for the same. Because supplying more 
dehumidified process air to the evaporative cooler have more significant 
effect on system performance, the effect of increasing the solution mass flow 
rate is more significant to the evaporative cooler performance than 
increasing the concentration. However, higher solution concentration gives 
better dehumidification performance (less moisture content) thereby lower 
water temperatures. The Numerical simulation shows that tower height of 
3.2 m will be required for the specified design parameters mentioned. 
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Figure 5.5: Effect of Salt-water Solution Concentration on the 
Temperature of Air leaving the Evaporative Water Cooler 
Figure 5.5 illustrates the variation of air temperature leaving the evaporative 
cooler as a function of evaporative water cooler height. The results indicate 
that the temperature of the air decreases with increasing salt-water solution 
mass flow rate; more supply of dehumidified air to the evaporative tower. 
Although higher solution concentration produces lower air temperatures, yet 
the significant effect is very little. 
ͷ.Ͷ Concluding Remarks 
Numerical simulations provide a tool for examining the performance of new 
system designs. Even though experimentation remains the best tool to obtain 
reasonable results, numerical simulations have some major advantages. In 
particular, they are relatively inexpensive and fast. Also, numerical 
simulations offer an easy way for studying and comparing parametric 
variations. Moreover, results from numerical simulations help in selecting 
which experiments need to be performed. 
The current research work developed a computer program and used it to 
numerically simulate the solar-operated liquid desiccant evaporative cooling 
system. The model is used to assess the impacts of changing the salt-water 
solution concentration and mass flow rate, and height of the direct contact 
chamber on the performance of the liquid desiccant evaporative cooling 
system. 
This research considered several cycle configurations of the desiccant 
system. The design described in section 4.1 is found to be the most suitable 
for the current application, as it utilizes best the strong points of the 
desiccant system. Under this option, the heat recovery system (air-to-air 
plate heat exchanger and finned water-to-air sensible coil) deals with the 
sensible heat due to the fresh (outdoor) air while the solar powered desiccant 
system deals with the latent heat. 
The thesis conducted the parametric study to investigate the effect of the 
various operating parameters on the system’s performance. The results of the 
study showed that the thermal performance of the solar-operated liquid 
desiccant evaporative cooling system is highly dependent on the 
hydrodynamics of the working fluids. Solution concentration and mass flow 
rate, and absorber height significantly affect the heat and mass transfer 
occurring during the dehumidification process while process air mass flow 
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rate affect them in the evaporative chamber. The effect of the ambient air 
temperature condition is rather low. 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
131 
 
 
 
CHAPTER SIX 
6 CONCLUSIONS AND RECOMMENDATIONS 
The current research work was focused on investigating the use of liquid 
desiccant evaporative cooling to provide cold water for a thermal 
environment control (air-conditioning) system of a poultry enclosure using 
radiant air-conditioning. To that end the thesis developed a liquid desiccant 
evaporative cooling system using solar energy as driving energy, and 
numerically simulated it using a mathematically developed model. The 
model provided means for showing the relative advantages of several liquid 
desiccant configurations. This chapter summarizes the significant findings of 
the present work followed by presenting recommendations for directions and 
areas of concern for future investigations related to this topic. 
͸.ͳ Conclusions 
A new concept of producing cold water for air-conditioning purposes is 
presented and numerically analyzed. The advantage of providing cold water 
using evaporative cooling, compared to conventional vapour compression 
refrigeration, is evident from the numerical results. 
The new design is more environment friendly and energy efficient than the 
conventional vapour compression refrigeration; it utilizes the strong points 
of solar energy, liquid desiccant dehumidification and evaporative cooling. 
A review of the literature showed that there is limited number of 
experimentally verified correlations regarding heat and mass transfer 
coefficients influencing the absorber, regenerator and evaporative water 
cooler design. 
Heat and mass resistances in both the liquid and vapor phases often 
neglected by researchers has been considered in the finite difference model 
developed in this thesis to verify the effectiveness of the solar-operated 
liquid desiccant evaporative cooling system in providing both cold water and 
cool dry air for a radiantly air-conditioned poultry enclosure. 
Simulations showed that the energy use of the solar-operated liquid desiccant 
evaporative cooling systems is highly dependent on the solution mass flow 
rate. Higher solution concentrations are desirable but are limited by the salt’s 
solubility. 
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The results of the numerical experiments indicate that increasing salt-water 
solution concentration increases the dehumidification performance hence, 
the evaporative cooling performance. However, the increase in solution 
concentration leads to reduction in process air mass flow rate. 
Simulations results showed that inserting an air-to-air plate heat exchanger 
system between the air leaving the evaporative water cooler and the ambient, 
and a finned water-to-air sensible coil provide additional benefits to the 
system. 
Considering the several cycle configurations of liquid desiccant systems, the 
thesis found that the design described in section 4.1 is the most suitable; it 
utilizes best the strong points of the liquid desiccant system. 
In the conditions investigated, the solar-operated liquid desiccant evaporative 
cooling system produces water at temperatures ranging between 14 and 
19.60C and air at dry-bulb temperature in the range of 26 to 290C. 
Results of the simulations indicate that water temperatures become lower as 
the dehumidified air mass flow rate increases. The increase in air mass flow 
rates results in increased evaporation; hence, more heat needs to be extracted 
from bulk water to balance the evaporation. 
Results showed that increasing the air-to-solution mass ratio increases the 
system performance (lower air and water temperatures and flow rates). The 
results also showed that for the same air-to-solution mass ratio, solutions 
with higher concentrations provide better system performance than those 
with lower concentrations. 
Results showed that increasing the solution mass flow rate increases the air 
mass flow rate for a fixed air-to-solution mass ratio. Accordingly, the total 
surface area increases. Increasing the solution mass flow rate decreases the 
overall heat transfer coefficient. The net effect is, therefore, a decrease in the 
conductance of the spray chamber and consequently a low dehumidifier 
performance. 
͸.  ʹ Recommendations 
The energy reduction potential for solar-operated liquid desiccant 
evaporative cooling system was estimated based on the equipment energy 
consumption levels in the selected poultry house. The implementation of 
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energy saving measures will require a further detailed investigation of the air 
fans and the operation and control sequence of the complete system.  
Comparisons of the simulated model with the theoretical minimum energy 
consumption model show a big potential in improvement of energy 
efficiency in poultry house. Further studies of energy efficiency 
improvement potentials in poultry house should include condenser water 
cooling systems and hybrid geothermal heat pump systems. 
A limiting factor on this research work is the absence of experiments to 
verify the physical phenomena involved in cooling and dehumidification 
modes of operation. Experimental investigation of the effect of non-uniform 
cooling/heating fluid temperature on the performance of the 
dehumidifier/regenerator spray chamber is a possible area of future work. 
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